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Abstract

Organofluorine compounds are very rare in nature when compared with other
organohalogens and the way by which fluorine is inserted into these compounds was

unknown before the investigations described in this thesis. The biochemical processes
involved in fluoroacetate and 4-fluorothreonine formation in the actinomycete

Streptomyces cattleya have been explored by using isotopic labelling approaches,

enzymatic studies and protein purification.

The synthesis and feeding of [1- Hi]-fluoroacetaldehyde to resting cells of S. cattleya

proved that fluoroacetaldehyde is a common intermediate in fluorometabolite biosynthesis
and is the direct precursor to 4-fluorothreonine. Isotopic labelling studies with [1,1- H2]-
ethanolamine and [l,l-2H2]-cysteamine demonstrated that such C-2 units are not involved

• 9
in the biosynthesis of fluoroacetate and 4-fluorothreonine. Experiments with [2- H, 2-
1 o

#

0]-glycerol showed that the C-2 oxygen of glycerol becomes incorporated into both

fluorometabolites, whereas the deuterium is lost, probably during the in vivo formation of a

carbonyl intermediate during glycolysis.

A threonine transaldolase was identified and partially purified from S. cattleya. The

enzyme catalyses the formation of 4-fluorothreonine from fluoroacetaldehyde and L-

threonine in a pyridoxal phosphate dependent process. Investigations into the mechanism
of the transaldolase have been carried out using [1,2,2,2- EEJ-acetaldehyde and [4,4,4-

H3]-DL-threonine. The experiments have shown that the threonine transaldolase is a novel

enzyme, which is distinct to other enzymes such as threonine aldolase or serine

hydroxymethyltransferase, as glycine is not used as a substrate and only L-threonine is

accepted.

The enzyme responsible for the formation of a C-F bond in S. cattleya was identified and

purified to homogeneity. This fluorination enzyme, the first of its class, mediates a

reaction between inorganic fluoride ion and S'-adenosyl-L-methionine to generate 5'-

fluoro-5'-deoxyadenosine. The fluorinase enzyme was found to be a hexamer with a

molecular mass of approximately 180-190 kDa.
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Chapter 1

Introduction

Organohalogens were once considered to be very rare or even bizarre compounds, as it was

believed that the few early examples were not of natural origin but artefacts of the isolation

process. Due to the resurgence of natural product discovery, the need for new medicinal

lead structures and more sophisticated instrumentation, the number of isolated natural

organohalogens has increased dramatically over the last 40 years. With only 30

1 • • • 2
compounds isolated in 1968, the reported number in the latest review in early 1999 was

3200. Chlorinated compounds, which are mainly produced by terrestrial organisms make

up nearly one half and brominated molecules arising from marine sources account for the

other 50 %. It has become clear that organohalogens do not have to be considered as

chemical oddities and are widely spread in nature. Although, fluorine is the most abundant

halogen in the Earth's crust and ranks 13th in abundance of all of the elements, only 13

secondary metabolites containing a fluorine atom have been identified to date. Eight are

co-fluorinated homologues of long chain fatty acids, such as co-fluoro-oleic acid 7, which

are found as co-metabolites in the seeds of the plant Dichapetalum toxicarium. Thus,

formally only six discrete fluorinated natural products have been isolated. The first

organofluorine compound to be identified, fluoroacetate 1, was isolated in 1943 from the

Southern African plant Dichapetalum cymosum.4'5 The most recent discovery of a novel

fluorinated secondary metabolite is 4-fluorothreonine 14, which was isolated in 1986 from

the bacterium Streptomyces cattleya.6 It is therefore over 15 years since a new fluorinated

metabolite has been identified.

The small number of fluorinated natural products is probably due to two main factors: the

low bioavailability of fluoride and the unique chemical attributes of fluorine. With

fluoride concentrations in the earth crust ranging from 270-740 ppm, compared to 10-180

1



Chapter 1

ppm for those of chlorine,7'8 the difference in the number of isolated fluorinated and

chlorinated compounds is rather surprising. However, fluoride exists largely as the

insoluble form bound in minerals (e.g. fluorspar) and as a consequence the concentration

of fluoride ions in sea water is only 1.3 ppm in contrast to 19 000 ppm for chloride. The

high insolubility of fluoride in water restricts its bioavailability to living organisms and

mirrors the dearth of organofluorine compounds with the relative abundance of natural

products containing the other halogens. Fluorine, which has also been referred to as a

'superhalogen',9 has unique chemical attributes. Fluorine is the smallest of the halogens

with a Van der Waal's radius only slightly greater than that of hydrogen. It is also the

most electronegative of all the elements making the C-F bond very short and 10 % stronger

than the C-H bond. The considerably larger heat of hydration (Table 1.1) of the fluorine

ion compared to ions of the other halogens is the second important factor constraining the

participation of fluorine in biochemical processes. Under aqueous conditions, fluoride is

highly solvated, making it a very poor nucleophile and any displacement reactions almost

impossible. The greater heat of hydration could also be responsible for the large difference

in the redox potential between fluorine and the other halogens. Whereas haloperoxidases

are believed to be the major route for the biosynthesis of the other organohalogens to

date,10 this cannot be applicable for the formation of organofluorine compounds because of

the higher redox potential (Table 1.1).

Table 1.1 Heat of hydration and standard redox potential for the halogens

X Heat of hydration, X" Standard redox potential, E°
[kJmof1] [V]

F" 490 -3.06

cr 351 -1.36

Br" 326 -1.07

I" 285 -0.54

2



Chapter 1

Despite the lack of bioavailability of fluoride in soil and water, some marine and terrestrial

organisms can accumulate inorganic fluoride at very high concentrations. The sponge

Halichondria moorei can build up to 10 % fluorine on a dry weight basis as potassium

fluorosilicate.11 Plants of the genus Camellia, which includes the tea plant, can concentrate

inorganic fluoride up to very high concentrations in their leaves from relatively low

concentrations in the soil.12'13 Commercially available tea can contain 70-180 mg kg"1 dry

wt fluoride and concentrations of 3000 mg kg"1 dry wt have been reported in older leaves

of ornamental Camellia species. Some plant species growing in areas of fluoride rich

bedrock or on sites contaminated with fluorspar (CaF2) mining waste can accumulate up to

10 000 mg kg"1 dry wt fluoride.14'15

From the described examples, the accumulation of inorganic fluoride by living organisms

does not appear to be an obscure process. The direct biosynthesis of organofluorine

compounds by nature is rather rare in this respect. Only a few genera of tropical and

subtropical plants and two microorganisms are capable of producing fluorinated natural

products. There is no evidence for their biosynthesis by animals or insects although it has

been reported that a moth, Nygmia pseudoconspersa, which feeds on the tea plant, can

concentrate fluoride to 5000 mg kg"1 dry wt in the wings and 1100 mg kg"1 dry wt in the

cocoon.16 It has also been postulated that the caterpillar from the moth Sindrus

albimaculatus accumulates the toxin, fluoroacetate, as it parasitises the fluoroacetate

containing plant Dichapetalum cymosum,17

3
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1.1 Fluorinated natural products in plants

1.1.1 Fluoroacetate

o

F

1

Fluoroacetate 1, initially isolated in 1943 by Marais18'19 in South Africa from the plant

Dichapetalum cymosum, is by far the most widespread fluorine containing natural product

and it has been identified in plant species, mainly indigenous to Africa and Australia. The

inhabitants of the Transvaal had long recognised this plant as a hazard to livestock and had
90

accordingly named it Gifblaar (poison leaf). The production of the toxin is strongly

seasonal dependent and reaches peak concentrations in the early spring with up to 2500 mg

kg"1 dry wt of fluoroacetate accumulated in the young leaves of the plant.21'22 After the

original discovery, other species of Dichapetalaceae were found to produce fluoroacetate,

with D. braunii from Tanzania reported to contain the highest accumulation in young

leaves and seeds (8000 mg kg"1 dry wt). Other Western African plants known to contain

this toxin are Spondianthos preussi23 and D. heudelotti24 and although not chemically

confirmed there is strong toxicological evidence for the presence of fluoroacetate in
9 S

another nine species of the genus Dichapetalum.

More than 30 species of legume from the Gastrolobium and Oxilobium genera found in

Western Australia are known to accumulate relatively high levels of the toxin. Oxylobium

parviflorum (box poison) and Gastrolobium bilobum (heart leaf poison) are amongst the

most toxic containing up to 2600 mg kg"1 dry wt of fluoroacetate in their leaves and up to

6500 mg kg"1 in their seeds.26 Although most of the fluoroacetate producing plants are

4
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confined to Africa and Australia, a Brazilian species (Palicourea margravii) has been

reported to biosynthesise high levels of the fluorinated toxin with concentrations up to

5000 mg kg"1 dry wt found in the seeds and flower stalks.27'28 Very low concentrations of
1 • 29

10 mg kg" dry wt have been detected in the Indian legume Cyamopsis tetragonolobus.

These examples clearly show that fluoroacetate-producing plants are more commonly

distributed in tropical and subtropical regions. It is noteworthy to mention that some

widely cultivated crop and forage plants, like soy bean and crested wheat grass, are capable

of producing trace amounts of fluoroacetate (and fluorocitrate) when grown in the presence

1A 1 |
of fluoride. ' ' Even in commercial tea leaves, traces of fluoroacetate have been

1
detected at concentrations of 0.06 to 0.48 mg kg" dry wt.

The results show that the ability of plants to biosynthesise the toxin is probably more

widespread in nature than might be believed and that some have enhanced the ability to

produce and accumulate fluoroacetate at high concentrations during evolution. The

particularly high levels of the toxin in the young leaves in early spring and falling

concentrations as the plant matures, could suggest the presence of a defence mechanism

against predators. Due to the high toxicity of fluoroacetate, which is converted in vivo to

(2i?,3i?)-fluorocitrate (see Section 1.1.2), those plants that accumulate high concentrations

of the toxin must also have an evolved resistance mechanism. For the conversion to

(2i?,3i?)-fluorocitrate, fluoroacetate needs to be activated to fluoroacetyl-CoA. It has been

shown that mitochondrial tissue-culture extract of D. cymosum, hydrolyses fluoroacetyl-

CoA without affecting acetyl-CoA34, a selectivity which could provide a possible defence

mechanism.

5
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1.1.2 (2/?,3^)-FIuorocitrate

h02c oh
HO2C^X^co2H

p

2

The high toxicity of fluoroacetate 1 is due to its metabolic conversion to (2R,3R)-

fluorocitrate 2, which also has been referred to as the "lethal synthesis".35 Fluorocitrate

has been detected at concentrations below toxicological significance in soya bean and
to tt • • •

crested wheatgrass " when they are grown on fluoride containing soil. Concentrations of

30 mg kg"1 dry wt have been reported in commercial tea and oatmeal can contain up to 60
1 36

mg kg" on a dry weight basis. (2^?,3f?)-Fluorocitrate 2 is biosynthesised via

condensation of fluoroacetyl-CoA 3 with oxaloacetate 4 mediated by a citrate synthase.

The metabolic product 2 of this condensation is a competitive inhibitor of the aconitase,37

the subsequent enzyme after citrate synthase on the citric acid cycle, which consequently

leads to the blockage of the pathway. The stereochemical course of the reaction is well
TO TQ

understood ' and proceeds through the abstraction of the 2-pro-S hydrogen of the

fluoromethyl group and inversion of configuration at C-2 during the condensation reaction

with oxaloacetate (Scheme l.l).40

The proposed mechanism for the inhibition of the aconitase shown in Scheme 1.2 is

initiated by dehydration of fluorocitrate 2 to give fluoro-czT-aconitate 5. Hydrolysis of the

6
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double bond and subsequent displacement of fluoride results in the formation of 4-

hydroxy-trara-aconitate 6 which remains tightly bound to the enzyme. The described

mode of inhibition is supported by an X-ray structure where 4-hydroxy-/r<mv-aconitate is

bound to the citrate synthase.41

H°2Cv ,nOH
HO2C^>\^co2H

co2h
ho2C^^,CO2H

2 F 5 F

'flip' in active site

co2h co2h
HO2C^^CO2H „ HO2C^A_co2H

, oh
o

oh"

Scheme 1.2 Proposed inhibition of the aconitase enzyme from (2R, 3i?)-2-fluorocitrate 2 to 4-

hydroxy-fraws-aconitate 6.

The toxicity of fluoroacetate can only be partially explained in terms of inhibition of the

aconitase enzyme. Kun and co-workers42'43'44 have shown that fluorocitrate binds

covalently to a citrate carrier protein leading to inhibition of citrate transport across the

mitochondrial membrane. The inhibition of the transport process is, in comparison to the

aconitase, 104 times more efficient and may contribute to the major toxicity of

fluoroacetate.

1.1.3 co-Fluorofatty acids
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The structure shown above, to-fluorooleic acid 7, accumulates in the seeds of the West

African shrub D. toxicarium. The seed oil of the plant contains about 3% of the fluorofatty

acid and makes up 80 % of the overall content of organic fluorine biosynthesised by the

plant. The compound was first isolated by Peters and co-workers in 1959.45'46 Ward and

co-workers47 isolated co-fluoropalmitic acid and small quantities of co-fluoromyristic and

co-fluorocapric acid from the same plant. More recently using GC/MS technology, it was

shown that the plant produces a whole range of eo-fluorofatty acids including co-fluoro

analogues of palmitoleic, stearic, linoleic, arachidic and eicosenoic acids.48 The polar fatty

acid t/zreo-18-fluoro-9,10-dihydroxystearic acid 849 also isolated from D. toxicarium can

be rationalised by epoxidation and hydrolysis of co-fluorooleic acid 7 (Scheme 1.3).

O

"OH

O

SCoA

O

SCoA

n=4,6,7,8

stearoyl
desaturase

SACP

epoxidation

SACP

SACP

Scheme 1.3 Putative pathway for the biosynthesis of co-fluorofatty acids in D. toxicarium.
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The biosynthesis of these fluorofatty acids can be simply explained by conventional fatty

acid biosynthesis because the fatty acid synthase in this plant has sufficiently broad

substrate specificity to utilise fluoroacetyl CoA 3 in place of acetyl CoA for condensation

with malonyl acyl carrier protein (malonyl-ACP) (Scheme 1.3).50 The restriction of the

fluorine atom to the terminal position implies that either fluoromalonyl-CoA cannot be

synthesised by the acetyl-CoA carboxylase enzyme and/or that chain elongation does not

occur with fluoromalonyl-ACP instead of malonyl-ACP. The formation of co-fluorooleic

acid 7 can be explained by a nonspecific stearoyl desaturase which transforms the

fluorinated stearoyl-ACP to co-fluorooleic-ACP giving co-fluorooleic acid after the final

hydrolysis.

These co-fluorofatty acids are extremely toxic, even more toxic then fluoroacetate itself due

lo their greater lipid solubility. They are readily absorbed through the skin and can move

across cell membranes before finally being broken down to fluoroacetate via P-oxidation.

1.1.4 Fluoroacetone

o

F

9

Peters and Shorthouse reported in 197151 that a plant tissue homogenate of Acacia

georginae could convert inorganic fluoride into volatile organofluorine compounds. By

headspace trapping of the volatile gases and derivatisation with 2,4-

dinitrophenylhydrazine, it was concluded that a volatile fluoro-ketone compound was

present in these vapours. GC analysis showed that the resulting peak had a similar

9
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retention time to fluoroacetone 9 but accounted only for 13 % of the total 'volatile'

fluorine loss from the homogenate and it was concluded that A. georginae produces other

fluorinated volatiles that remain unidentified.

The biosynthetic-origin of fluoroacetone 9 can be rationalised as a shunt product of fatty

acid biosynthesis in the early stages of co-fluorinated fatty acid biosynthesis (Scheme

1.4).17 If fluoroacetyl-CoA 3 is condensed with malonyl-ACP 10, fluoroacetoacetyl-ACP

11 will be generated. Hydrolysis and subsequent decarboxylation of 4-fluoroacetoacetate

12 would deliver fluoroacetone 9.

O O O

9 12

Scheme 1.4 Possible pathway for fluoroacetone 9 biosynthesis.

1.2 Fluorinated natural products in bacteria

1.2.1 Nucleocidin

HO OH
13

10
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Nucleocidin 13 was the first fluorinated metabolite to be identified from a bacterial source.

The antibiotic is produced by the microorganism Streptomyces calvus and was isolated in

1957 from a cultured Indian soil sample. The compound showed a broad spectrum of

antibacterial activity and was particularly active as an antitrypanosomal agent.

Unfortunately, any clinical application was restricted by its high toxicity. Although the

compound was initially correctly identified as an adenine glycoside esterified with
st •

sulfamic acid, several early attempts to elucidate the structure were unsuccessful. It was

not until 1969, twelve years after its isolation, that the final structure was revised to 4'-

fluoro-5'-0-sulphamoyladenosine.54 The confusion lay mainly in unusual coupling

patterns in the 'H NMR spectrum, which in hindsight are due to ^F-'H couplings. These

were originally misinterpreted as hindered rotation within the molecule. The structure of

nucleocidin was finally confirmed by total synthesis in 1976.55

Nucleocidin 13 is only produced in very small quantities by the bacterium S. calvus. The

fermentation broth is found to contain 2-5 mg/ml of the antibiotic, however the source of

fluorine for the biosynthesis is unclear as no fluoride salts are added to the non-defined

medium. The problem can be rationalised by fluoride impurities arising from the added

mineral salts or from the tap water. Even the corn steep liquor, the main ingredient of the

medium, could act as a fluoride source. Conceivably, the availability of fluorine may have

limited nucleocidin production and the yield could have been substantially increased if the

medium had been supplemented with fluoride ion.

An interesting feature of nucleocidin 13 is that the fluorine is attached to C-4 of the ribose

moiety. This observation suggests that there may be a unique enzymatic C-F bond

formation, quite different to that of the other fluorinated natural products identified to date.

Unlike the fluorinated products in plants, the biosynthesis of nucleocidin 13 cannot be

readily explained via a fluoroacetate intermediate. Attempts to re-establish the production

of nucleocidin by a number of different researchers has failed,56'57 perhaps indicating that
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the bacterium has lost the ability to produce this unique compound. This is a major

disappointment as the enzyme involved in the formation of the C-F bond in this

fluorometabolite merits investigation.

1.2.2 Fluoroacetate and 4-fluorothreonine

o OH

1 14

Streptomyces cattleya is well known for the production of the antibiotic thienamycin, a

commercially important broad-spectrum antibiotic that was first isolated by Merck in New

sft • ...

Jersey, USA. During the course of studies to optimise the production of the (3-lactam
c o

antibiotic on a complex medium, Sanada et al. discovered that the microorganism

produces both fluoroacetate 1 and 4-fluorothreonine 14, which accumulate in the medium.

In a very similar manner to the production of nucleocidin 13, the organofluorine

compounds were produced without the addition of fluoride to the complex medium.

Further investigations showed that the growth medium contained rather high

concentrations of fluoride (0.7 %) as part of the soya bean caseine. When S. cattleya was

grown in the absence of the caseine, fluorometabolite biosynthesis was excluded but could

be restored by the addition of 2 mM fluoride. Fluoroacetate 1 and 4-fluorothreonine 14 are

formed at concentrations of 2-3 mM and 1 mM respectively. The unusual amino acid was

subsequently isolated from the fermentation broth as a single stereoisomer and its structure

confirmed by asymmetric synthesis of (2.S',35j-4-fluorothreonine. It was also shown to

have an identical absolute stereochemistry to L-threonine.59 Tests for its biological activity
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showed antimicrobial activity against a range of bacteria probably due to its ability to act

as an antimetabolite of L-serine and L-threonine. It was shown that the growth suppression

of Pseudomonas aeruginosa by (25,35)-4-fluorothreonine was overcome by

supplementation of cultures with these two natural amino acids.

Sanada et a/.58 suggested quite reasonably that 4-fluorothreonine 14 is biosynthesised by

the condensation of glycine 16 and fluoroacetaldehyde 15 derived from fluoroacetate 1

(Scheme 1.5).

1 15 14

Scheme 1.5 Early proposal for the biosynthesis of 4-fluorothreonine 14 involving fluoroacetate
1

This hypothesis however became doubtful after Reid et al.,60 demonstrated that when [2-

H2]-fluoroacetate was incubated with resting cells, no isotopic label was detected in 4-

fluorothreonine 14. This indicated that there was no metabolic interconversion between

... 19
fluoroacetate 1 and 4-fluorothreonine 14. Furthermore, labelling studies using [1- C]-, [2-
it it »

C]- and [1,2- C]-glycine did not support a role for glycine as a biosynthetic precursor to

• IT . .

4-fluorothreonine, as C was not detected at positions C-l and C-2 of 4-fluorothreonine

14.61

1.3 Possible mechanisms for biological fluorination

Since the discovery of fluoroacetate 1 in 1944 by Marais4'5 almost 60 years ago, little

progress has been made towards explaining the mechanism of biological C-F bond

13
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formation. The process has been the subject of much speculation and several possible

mechanisms have been proposed. Work carried out by Peters and co-workers in the late

1960's was especially notable. The problems experienced in the studies were largely due

to the less sophisticated instrumentation available at the time and the dependency on

reliable plant samples for fluoroacetate production. The lack of knowledge about the C-F

bond formation even prompted reservations as to whether the plants really did possess the
fO ...

ability to produce fluoroacetate 1. In time, the establishment of sterile, fluoroacetate

producing callus cultures of A. georginae and D. cymosum removed these doubts. The

new approach provided a more reliable and accessible source of biological samples but the

growth of the callus is slow and the production of fluoroacetate 1 rather low. With the

discovery 16 years ago of a microorganism (S. cattleya) capable of producing fluoroacetate

1, a much more convenient system was available to study the biosynthesis of fluorinated

natural products.

1.3.1 Halide incorporation by haloperoxidases

The majority of chlorinated, brominated and iodinated but not fluorinated natural products

isolated to date are believed to be produced via a haloperoxidase reaction. The enzyme is

well understood and operates by reducing hydrogen peroxide [E° = +1.71 V] to oxidise the

halides by overcoming the redox potentials of chloride [E° = -1.36 V], bromide [E° = -1.07

V] and iodide [E° = -0.54 V], Classification of the haloperoxidases is carried out

according to the halide ion oxidised. Chloroperoxidases oxidise chloride but also have the

capability to oxidise bromide and iodide due to their lower redox potential.

Correspondingly, bromoperoxidases oxidise bromide and iodide, and iodoperoxidases

oxidise iodide only. The enzyme reaction is thought to proceed through the formation of a
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halonium ion followed by a passive incorporation of a nucleophile (Scheme 1.6). Under

neutral aqueous conditions this will be an hydroxide ion but in the presence of high

concentrations of halide ions, a homogenous (the same halide ion) or heterogeneous (a

different halide ion) dihalide can be formed.

Scheme 1.6 Proposed mechanism for incorporation of halide ions by a haloperoxidase enzyme.

On the basis of this mechanism, Neidleman and Geigert were able to prepare 2,3-

fluoroiodopropan-l-ol, by the action of horseradish peroxidase on an allylic alcohol in the

presence of iodide, fluoride and H2O2. This was the first in vitro 'enzyme-associated'

formation of a C-F bond. To explain in vivo production of an organofluorine compound, it

was proposed that in the presence of very high fluoride ion concentrations the nucleophilic

attack of fluoride on the halonium ion would form a halo-fluoro compound. To rationalise

fluoroacetate biosynthesis, these workers speculated that an ©-unsaturated fatty acid such

as 17 is first iodinated by an iodoperoxidase and that fluorination occurs in the second

step.10 As illustrated in Scheme 1.7 the heterogeneous iodo-fluoro compound 18

undergoes further reduction followed by deiodination. [l-Oxidation of the co-fluorofatty

acid 19 would give fluoroacetate 1. However, there is no in vivo evidence in support of

this.
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i

C02H r, H202 C02H f- C02H
iodoperoxidase

17 ' 18

O

Ql_l p-oxidation ^^^yC02H
19

Scheme 1.7 Putative pathway to fluoroacetate 1 by iodination of©-unsaturated fatty acids 17.

This hypothesis is rather unlikely as the biosynthesis of ©-fluorofatty acids is known to

arise from fluoroacetate 1 (Section 1.1.3) and not vice versa. Furthermore, an intensive

GC/MS study of the lipids of D. toxicarium has failed to reveal the presence of iodo or

fluoroiodo derivatives.

Vickery and Kaberia64 demonstrated the abiotic synthesis of chloroacetate when malonic

acid and sodium hypochlorite were incubated at 25 °C. When fluoride ion was added,

small quantities of fluoroacetate 1 were detected in addition to chloroacetate. Vickery et

al.65 concluded that this could be a biomimetic route to fluoroacetate 1. Accordingly,

plants with a haloperoxidase could possibly use malonic acid and chloride as well as

fluoride ion to form fluoromalonic acid, which after oxidative decarboxylation would give

fluoroacetate. However, the redox potential for oxidation of fluoride [E° = - 3.06V]

renders it thermodynamically impossible for activation of fluoride to occur by reduction of

H2O2. The detection of fluoroacetate 1 under the conditions described64 can be more easily

explained by incorporation of fluoride by nucleophilic displacement of the chloride from

chloromalonic acid. Decarboxylation would then generate fluoroacetate 1. However, the

biosynthesis of fluoroacetate in plants by a similar mechanism would require high fluoride

16



Chapter 1

concentration and would also result in the simultaneous synthesis of large quantities of

chloroacetate, which has not been detected.

1.3.2 Incorporation of fluoride catalysed by pyridoxal phosphate

Pyridoxal phosphate is a well-known and widely studied co-factor in amino acid

metabolism but it is also involved in the formation of several (3-substituted alanines.

Biosynthesis of the alanine derivatives is initiated by the elimination of an hydroxyl or

thiol group from serine or cysteine respectively. The enamine 20 then undergoes

nucleophilic attack at C-3 as shown in Scheme 1.8.

X02~

NH,+

U\\ CH3
20

C02H

Scheme 1.8 Possible mechanisms for fluoroacetate 1 biosynthesis via fluoropyruvate 22 or

fluoroacetaldehyde 15 catalysed by pyridoxal phosphate.
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A whole range of alanine derivatives is formed by the described mechanism suggesting

that the responsible pyridoxal phosphate dependent synthase is relatively non-specific. On

this basis, Mead and Segal66 proposed a very attractive mechanism for the biosynthesis of

fluoroacetate 1. Due to the broad substrate specificity of the enzyme, it was suggested that

nucleophilic attack of F~ on enamine 20 could account for the incorporation of fluorine

(Scheme 1.8).

The fluorinated C3 unit bound to pyridoxal phosphate offers two routes to fluoroacetate 1.

Hydrolysis of the intermediate would give fluoropyruvate 22, which upon decarboxylation

and oxidation leads to fluoroacetate 1 as shown in Scheme 1.8. Alternatively, direct

decarboxylation followed by hydrolysis and oxidation of fluoroacetaldehyde 15 by an

aldehyde dehydrogenase would yield fluoroacetate 1.

In order to test this hypothesis, they investigated the bioactivity of acetone powders of A.

georginae which have been shown to possess the a,P-eliminase activity responsible for the

pyridoxal phosphate dependent formation of pyruvate 31 from cysteine 48. Mead and

Segal demonstrated that the formation of pyruvate was almost completely inhibited by

the addition of cyanide, giving rise to the production of P-cyanoalanine instead. As this

compound has not been found as a natural product of any species ofAcacia, formation of

P-cyanoalanine suggests that the enzyme responsible for the biosynthesis of p-substituted

alanine derivatives is relatively unspecific. However, in the presence of fluoride ions there

was no production of either P-fluoropyruvate or P-fluoroalanine The indirect detection of

C-F bond formation by measuring fluoride uptake was also unsuccessful because fluoride

ion concentrations remained constant after the addition of cysteine 48 or serine 30 as

substrates.
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Scheme 1.9 Biosynthesis of alanine derivatives in plants by nucleophilic attack on pyridoxal

phosphate enamine adduct 20.

The results are perhaps not surprising in retrospect since it is known that p-fluoroalanine is

relatively unstable at a pH greater than 7 and the described experiments were carried out at

pH 8.5. Furthermore, it has been shown that cell-free extracts of D. cymosum defluorinate

fluoropyruvate quantitatively and stoichiometrically, '69 a process mediated by the

pyruvate dehydrogenase complex present in those plants. Thus, any fluorinated

compounds biosynthesised in these experiments could be rapidly defluorinated in situ to

eliminate fluoride ion as soon as they were formed.

Interestingly, intact cells of Dichapetalum cymosum have been shown to convert P-

fluoropyruvate 22 to fluoroacetate l,69 but when cell-free extract of the same cells was

used defluorination occurred. The ability to form fluoroacetate 1 from fluoropyruvate 22

was regained when the cell-free extract was supplemented with monomethyl

acetylphosphonate, a potent inhibitor of the pyruvate dehydrogenase complex.70 The

results demonstrate that in the plant itself, a high degree of compartmentalisation must be
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present in order to separate the two activities. This biotransformation perhaps implies a

role for (3-fluoropyruvate 22 in fluoroacetate 1 biosynthesis in Dichapetalum cymosum.

1.3.3 Fluorination by nucleophilic displacement

A very common feature of enzyme reactions is their reversibility whereby the equilibrium

of the reaction is forced towards the compound in lowest concentration. Enzymes

mediating dehalogention of fluoroacetate 1 to glycolate 24 have been isolated from

different sources71'72'7 '74 and they are all sensitive to thiol blocking agents. Accordingly, it

was proposed that these dehalogenation enzymes have a functional thiol group at their
• 71 79 • •

active site. ' As illustrated in Scheme 1.10, attack of a cysteine residue on fluoroacetate

1 would displace fluoride to form a thioether 23 which would require hydrolysis to form

glycolate 24.

1 23 24

Scheme 1.10 Possible mechanism for defluorination of fluoroacetate 1 by haloacetate

halidohydrolase from Pseudomonas sp.72

If the described mechanism is reversible, it would offer an elegant route for fluoroacetate 1
79

biosynthesis. Goldman and Milne investigated the possibility of C-F bond formation by

incubation of a dehalogenase from Pseudomonas sp. with glycolate 24, fluoride and [180]-

water. The heavy water was added to ensure that fluoroacetate 1 production was not

overlooked as concentrations in the reaction mixture could be below the detectable
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threshold. Defluorination of the in vitro generated fluoroacetate 1 would be demonstrated

by the incorporation of lsO into glycolate 24. GC/MS analysis of the re-isolated glycolate

24 did not show significant oxygen-18 incorporation suggesting that the dehalogenation

process is essentially irreversible.

Recently, the reaction mechanism of a fluoroacetate dehalogenase isolated from Moraxella

sp. has been solved.75 The enzyme can catalyse the hydrolytic cleavage of a C-F bond as

well as bonds to other halogens. The reaction proceeds through a two step mechanism

(Scheme 1.11) where an aspartate residue at the active side acts as a nucleophile causing

the release of a halide ion and the formation of an ester intermediate, which is subsequently

hydrolysed by a water molecule activated by a histidine residue. Other dehalogenases also

possess an aspartate and histidine residue and proceed through a very similiar
7f\ 77 78

mechanism. ' ' If this mechanism is universal amongst such enzymes it is unlikely that

defluorination is reversible.

Scheme 1.11 Proposed reaction mechanism of fluoroacetate dehalogenase reaction from
Moraxella sp.

1.3.4 Acetate, ethylene or ethylene oxide as putative precursors

Direct fluorination of acetate by attack of fluoride ion on the methyl group is a very

unlikely mechanistic approach for fluoroacetate 1 biosynthesis. This possibility has been

explored by labelling studies with young and old leaves of D. cymosum, however these
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experiments did not indicate any radiolabel incorporation into fluoroacetate 1 from [2-14C]-
79

acetate.

Peters and Shorthouse80'81 reported a 34 % loss of the total fluoride added when tissue

homogenate of Acacia georginae was incubated at 30 °C with 1 mM fluoride, ATP and

pyruvate. This phenomenon was partially rationalised by the identification of

fluoroacetone 9 in the volatiles (Section 1.1.4) but more than 80 % of the fluoride loss was
89

unaccounted for. As the same homogenate also produces ethylene 25, Peters considered

that this plant hormone was responsible for fluoroacetate 1 biosynthesis. Without giving

plausible mechanisms for his proposed pathways, he suggested that fluoroacetate 1 is

either produced via fluoroethane 26 or vinyl fluoride 27 (Scheme 1.12).

)!=CH2
F

27

Scheme 1.12 Peters'82 proposal for fluoroacetate 1 biosynthesis via ethylene 25.

Another ethylene associated pathway was proposed, which presumed that fluoroacetate 1

can be produced via ethylene oxide 28, a major product of ethylene 25 metabolism.83'84 As

shown in Scheme 1.13, nucleophilic attack on the epoxide of ethylene oxide 28 would

generate fluoroethanol 29, which could then be oxidised to fluoroacetate 1.

r
25 28 29 1

Scheme 1.13 Proposed pathway for fluoroacetate 1 biosynthesis via ethylene oxide 28.

22



Chapter 1

1.4 Elucidation ofmetabolic pathways

A number of techniques are widely used for the elucidation of metabolic pathways. The

available methods can be divided into two main categories. The biosynthesis of the final

product can be blocked at certain stages on the pathway leading to the accumulation of

intermediates. Alternatively, putative precursors containing isotopic labels can be fed to an

organism and the isotope incorporation in the resultant isolated metabolite evaluated. It is

also possible for putative intermediates to be chemically synthesised and added to cell-free

extract to study co-factor requirement or substrate specificity. In order to block individual

steps on the biosynthetic pathway, reactive chemicals can be added to growing cultures

prior to the onset of secondary metabolism. Alternatively, mutants unable to express a

certain enzyme on the pathway are generated such that intermediates accumulate.

Mutations can be induced into an organism by treatment of cells with UV-light, X-ray

beams or chemical mutagens. As the mutations occur only very randomly, the method

relies mainly on serendipity and is nowadays often replaced by molecular biological

approaches. Mutations are induced at the genetic level by altering or knocking out genes

to create enzymes with a different conformation, which are no longer able to perform the

desired reaction, or by preventing the organism from the expression of the enzyme at all.

The disadvantage of this method is that the genes responsible for encoding the required

proteins on the biosynthetic pathway need to be known and this is not always the case.

1.4.1 Use of isotopes in biosynthetic studies

The study ofmetabolite biosynthesis made significant progress with the initial application

of radioisotopes e.g. 14C and 3H. Further development was made by the use of stable

isotopes first reported in 1935 by Schoenheimer und Rittenberg,85 a strategy which is now
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widely used in the elucidation of metabolic pathways. Putative precursors carrying one or

more isotopic labels are administered to an organism and the metabolite of interest

examined for evidence of isotopic incorporation. Radioisotopes can be detected by

scintillation counting whereas stable isotopes can be analysed by NMR and/or mass

spectrometric techniques. An overview of the main isotopes used in biosynthetic studies is

given in Table 1.2.

Table 1.2 Properties of isotopes used in biosynthetic studies.

Isotope Relative natural abundance, % Radiation emitted Half-life

2H 0.015 stable

3H <0.001 P 12.1 years

13c 1.1 stable

14c <0.001 P 5700 years

15n 0.37 stable

180 0.20 stable

32p <0.001 P 14.3 days

Radioisotope labelling has the advantage of a very high sensitivity, as the abundance of the

natural counterparts is zero and P-radiation is readily detected by scintillation counting.

However, a high degree of radiochemical purity is required in order to avoid errors from

cross-contamination. Furthermore, the approach offers limited regiochemical information,

unless chemical degradation studies are employed. A classical example where

radioisotope labelling was successfully employed are the studies on cholesterol

biosynthesis. [l-14C]-Acetate was used to show that cholesterol is exclusively
oz:

biosynthesised from acetate units.

The use of stable isotopes is now more common due to the very sensitive analytical

techniques available, for example GC/MS or NMR, which beside the detection of isotopic
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incorporation can also resolve regiochemical and stereochemical issues. Incorporation of

an administered i3C labelled substrate can be detected by enhancement of the resonances in

the 13C NMR spectrum by subsequent comparison to a non-labelled spectrum. The
n n

application of C label in form of double labelled [1,2- C2]-acetate is a common

experiment in the early stages of many biosynthetic investigations. Incorporation of an

intact or cleaved 13C2 unit into a natural product from [l,2-13C2]-acetate can be readily

observed by I3C NMR. Other connectivities can be demonstrated by the extension of this
• 1 ^ • *189

technique to coupling of the C nuclei to other heavy atoms like O or H.

The availability of H NMR allows also the selective detection of incorporated deuterium

2 .

( H) into an isolated metabolite. Due to the low natural abundance of deuterium (0.015

%), very low levels of enrichment, just slightly above natural abundance can be detected.

2 . nIn this respect, H-labelling is 60 times more sensitive than C labelling. Although

deuterium spectra show poor resolution due to the quadrupolar nature of 2H nucleus, the

sensitivity and the ability to determine the incorporation directly by peak integrations

makes it a very powerful technique.

1.4.2 Biosynthetic studies of fluorinated metabolites by 19F NMR

A clear advantage in the investigation of the biosynthesis of fluorinated natural products is

that isotope incorporations into the organofluorine compounds can be directly analysed by

19F NMR often without the need to isolate or purify the metabolites. Furthermore, isotopic

incorporations are readily identified by proton decoupled 19F NMR (19F {]H} NMR)

analysis.
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As both the 19F and 'H atoms have a nuclear spin of I=1/2, couplings between geminal

atoms can be observed in the 19F NMR spectrum. For example, the two protons of a

fluoromethyl group are seen as a triplet (see Figure 1.1, fluoroacetate 1 (A)). Due to long

distance coupling, the fluorine signal can also be split by vicinal protons, three bonds away

from the fluorine. In the case of fluoroethanol 29, where the P-carbon is a CH2-group, a

triplet of triplets is observed (see Figure 1.1, B) and for 4-fluorothreonine 14, a doublet of

triplets arises from the single adjacent proton (Figure 1.1, C).

A B c

Figure 1.1 l9F NMR spectra of fluoroacetate 1 (A), fluoroethanol 29 (B) and 4-

fluorothreonine 14 (C).

Where other isotopes are present, for example 2H or 13C, the fluorine signals are

additionally split into a more complicated pattern. The reduced signal to noise ratio due to

signal multiplicity can lead to sensitivity problems especially at the low incorporation

levels usually found in labelling experiments. This problem can be overcome to some

extent by application of proton decoupled 19F NMR, where Jhf couplings are removed and

the only splitting observed is from the incorporated isotopes present in the fluorinated

compound.

Incorporation of 13C is readily identified in 19F {]H} NMR by a large J1 shift of

approximately 165 Hz and a J shift of ~18 Hz. Incorporation of deuterium vicinal to a

fluorine induces a heavy isotope shift of ~0.6 ppm to lower frequency (upfield) of the

reference fluorine signal. The effect is additive and two adjacent deuterium atoms
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therefore induce a shift of approximately 1.2 ppm in the fluorine signal. The shift of

deuterium bound geminal to the fluorine creates a smaller but still detectable upfield shift

(0.2 ppm).

The 19F {'id} NMR spectrum shown in Figure 1.2 demonstrates all of the shifts induced by

deuterium incorporation. The spectrum shows the supernatant of a resting cell experiment
• 87

of S. cattleya carried out by Dr. M.R. Amin where the bacterium was incubated in the

presence of 20 % D2O. Random exchange of deuterium into fluoroacetate 1 and 4-

fluorothreonine 14 gives rise to different populations of labelled metabolites, some of

which are distinguishable by 19F{1H} NMR.

A
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Figure 1.2 19TT flF { H} NMR spectrum of fluoroacetate 1 (-215.30 ppm) and 4-fluorothreonine
14 (-229.70 ppm) after incubation in the presence of 20 % D2Q (carried out by Dr. M.R. Amin).

87

The fluoroacetate 1 resonance (8f - -215.30 ppm) in the resultant l9F {'H} NMR spectrum

has two associated upfield peaks (§f = -215.85 ppm and 8f = -216.50 ppm), which

correspond to populations of FDHC- and FD2C- fluoroacetate. Coupling is also observed

between the deuterium and fluorine nuclei, although the resolution of the spectrum is not

sufficient to obtain accurate information on the coupling constants. The 4-fluorothreonine

14 resonance (8f = -229.70 ppm) also has related upfield peaks. From the spectrum, the
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additive nature of multiple deuterium incorporations into 4-fluorothreonine can clearly be

seen. The first upfield shifted peak at-229.90 ppm results from a y-shift (0.20 ppm) due to

a 2H at C-3 and the second peak (8f = -230.30 ppm) is due to a single isotope

incorporation, in this case a (3-shift (0.60 ppm), from a deuterium atom on the fluoromethyl

group. The next observable peak at -230.71 ppm, a shift of 0.80 ppm upfield, corresponds

to double label incorporations at positions the C-3 and C-4 and results from a combined P

+ y-shift. The peak at the highest field is due to a 2x p-shift (8f = -230.85 ppm, 1.15 ppm).

1.5 Biosynthesis of 4-fluorothreonine and fluoroacetate in

Streptomyces cattleya

Sanada and co-workers discovered in 1986 that Streptomyces cattleya, at that time better

known for the production of the antibiotic thienamycin, was also capable of producing the

two fluorinated natural products fluoroacetate 1 and 4-fluorothreonine 14. With these

findings, a new and very convenient system to study fluorometabolite biosynthesis

emerged. Reid et al.60 carried out intensive studies on the optimisation of the culture

conditions for S. cattleya in order to achieve stable and repeatable organofluorine

production. Initially, the organism was cultured in complex, casein based medium,58 but it

was found that a defined medium containing 2 mM fluoride was more reliable and

sufficient enough to retain the production of the fluorinated compounds.60

A typical growth curve (monitored by Reid et al.60) for S. cattleya cultured in defined

medium over 28 days is shown in Figure 1.3. The diagram clearly shows that cell growth

peaks after 4 days and decreases slowly afterwards. Fluoride uptake and fluorometabolite

production does not occur in the exponential growth phase of S. cattleya but are initiated

soon after.
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A production curve of this kind is typical of compounds involved in secondary metabolism

rather than primary metabolism. Fluorometabolite production levels out over the last 4

days and final concentrations of 1.2 mM for fluoroacetate 1 and 0.5 mM for 4-

fluorothreonine 14 are typical.

c
w
C
o
v

4 12 20 28
Incubation time (d)

Figure 1.3 Growth of S. cattleya and fluorometabolite production. ■ growth (mg dry wt ml"1),
▲ fluoride cone. (mM), • total fluorometabolites cone (mM).

r o

Sanada et al. reported that resting cells in the absence of fluoride were capable of

synthesising 4-fluorothreonine 14 when supplied with fluoroacetate 1. Conversely,

fluoroacetate 1 was produced when 4-fluorothreonine 14 was added. Results obtained by

Reid and co-workers did not support an interconversion of these metabolites (see earlier).
• • _ oo

The investigations of Reid revealed that S. cattleya has the ability to defluorinate a

number of fluorinated compounds, including fluoroacetate 1 and 4-fluorothreonine 14.

The release of fluoride ion into the medium during defluorination is sufficient to account

for the de novo biosynthesis of both fluorinated secondary metabolites.
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1.5.1 Glycolate as precursor for fluorometabolite biosynthesis

As already discussed in Section 1.3.3, several enzymes mediating the defluorination of

fluoroacetate to yield glycolate 24 have been reported71"74 and the reverse mechanism has
79

been proposed for the biosynthesis of fluoroacetate 1. The possible role of glycolate 24

in fluorometabolite biosynthesis by S. cattleya was investigated by Reid and co-workers.60

After incubation of a range of 14C-labelled precursors with resting cultures of S. cattleya,

the highest incorporation of radiolabel into fluoroacetate 1 was reported from [U-14C]-

glycolate 24a. Indeed, it was demonstrated that incorporations of [U-14C]-glycolate 24a

were approximately twice as efficient in comparison to other radiolabelled precursors such

as [U-14C]-glucose and three times better than [U-14C]-glycerol. It was suggested that

substrates showing a low level of incorporation were rapidly utilised as carbon source

whereas glycolate 24 or a closely related derivative could be the substrate for fluorination.

However, results obtained by Tamura et a/.89 and Hamilton et al.61 showed in contrast

it

relatively low incorporations of double labelled [1,2- C2]-glycolate into fluoroacetate 1,

indicating that this compound is a relatively poor precursor for fluorometabolite

biosynthesis. In order to investigate the relationship between rapid utilisation of substrate

as a carbon source or precursor for fluorometabolite biosynthesis, Hamilton and co¬

workers61 studied the effect of cell density and precursor concentration on the
• • 1t it i t

incorporation of C-label from [2- C]-glycolate and [2- C]-glycine into fluoroacetate 1

as shown in Table 1.3.

1 t

Incorporation from [2- C]-glycolate into fluoroacetate 1 remains relatively stable (8-13 %)
it

under all conditions. By contrast, the incorporation of [2- C]-glycine varies dramatically

(1-38 %, double labelling) under different conditions of substrate concentration and cell-

density. The highest incorporation can be observed with low cell-density and high

precursor concentration whereas at high cell-density and low substrate concentration,

incorporations were very low.
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Table 1.3 13C Incorporation into fluoroacetate 1 with different cell-densities and precursor

concentration.61

Precursor Substrate cone. Cell-density Incorporation

[2-13C]-glycine high high +

[2-l3C]-glycine low high —

[2-13C]-glycine high low +++

[2-13C]-glycine low low +

[2-13C]-glycolate high high +

[2-13C]-glycolate low high +

[2-13C]-glycolate high low +

[2-l3C]-glycolate low low +

This variation is probably due to a rapid utilisation of the substrate as a general carbon

source at high cell-density, which significantly reduces the time period for incorporation

into the fluorometabolites. Incorporation from [2-l3C]-glycolate is not affected by cell-

density suggesting a slow utilisation of the compound over a longer time-period and

therefore it remains available for incorporation into the fluorometabolites.

1.5.2 Incorporation of glycine and serine

Glycine 16 was selected for initial biosynthesis studies as the amino acid could in principle

provide an attractive C2 precursor for fluoroacetate 1. Therefore, feeding experiments with

single labelled [1-13C]-, [2-13C]- and double labelled [l,2-13C2]-glycine61'90 were

conducted. It was demonstrated that both C-l and C-2 of fluoroacetate 1 and C-3 and C-4

• • IT IT
of 4-fluorothreonine 14 are derived from [2- C]-glycine 16a. When [2- C]-glycine 16a is

administered to resting cells of S. cattleya, a high incorporation of isotope results (32 %) as
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deduced from the doublet of doublets ( Joc-oc) flanking the parent signals of fluoroacetate

1 and 4-fluorothreonine 14 in the resultant '^{'HJ-NMR shown in Figure 1.4.

o oh o o oh o

A -32% A. xoo~ + A - A -34% A. ^coo + A -

f O incorP°ration < T < o < O incororation f O

nh3+ f nh3+ f nh3+ f nh3+ f
16a 14a la 16b 14a la

AAA

i
-214.60 -214.90

'I
-229.15

ppmK

A
-216 -218 -220 -222 -224 -226 -228 ppm

JAJ A
-214.75 -214.<«)-215.05 ppm -224.25 -2^9.40 ppm

Jl
-216 -218 -220 -222 -224 -226 -228 ppm

Figure 1.4
19t- (IF{ H}-NMR spectra of fluoroacetate la and 4-fluorothreonine 14b after

incubation with [2-13C]-glycine 16a and [l,2-13C2]-glycine 16b for 48 hours.

1 2

Strikingly similar results were obtained when [1,2- C2]-glycine 16b was incubated with

resting cells of S. cattleya (Figure 1.4) but no label incorporation was detected when [1-
n

C]-glycine was incubated with resting cultures. These findings indicate that glycine 16 is

not incorporated as an intact unit but that intriguingly C-2 of glycine 16 contributes both

carbon atoms of fluoroacetate 1 and 4-fluorothreonine 14. The incorporation of double

13*label from [2- C]-glycine 16a can be explained by the metabolism of glycine 16 to serine

30. Glycine 16 and serine 30 are interconvertible via the enzyme serine

hydroxymethyltransferase,91 whereby glycine 16 is cleaved and C-2 is processed via N5,

Nl0-methylenetetrahydrofolate and condensed with another molecule of glycine 16 to form

serine 30 (Scheme 1.14).
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N5, N10-methylene-
9 tetrahydrofolate 9 9^ _ 9
rK- ■ ho-V^O- <V°2 * fK-
nh3+ nh3+ f nh3+ f

16a 30a 14a la

Scheme 1.14 Conversion from [2-13C]-glycine 16a to [2,3-13C2]-serine 30a via N5, N10-
methylenetetrahydrofolate and incorporation into fluorometabolites, 14a and la.

It follows that serine 30 should be involved in the biosynthesis of the fluorometabolites
1 T

(Scheme 1.14). Indeed, when [3- C]-serine 30b was administered to resting cells,

substantial isotope incorporation was recorded in the expected regiospecific manner into

the fluoromethyl group of each of the fluorometabolites (Scheme 1.15).

o oh o

nh3+ f nh3+ f
30b 14b lb

Scheme 1.15 Incorporation of [3-l3C]-serine 30b into fluoroacetate lb and 4-fluorothreonine
14b.

1.5.3 Incorporation of pyruvate and l-alanine

As pyruvate 31 is metabolically related to serine 30 via serine dehydratase, the possible

role of pyruvate 31 in the fluorometabolite biosynthesis was investigated by incubating

resting cells of S. cattleya with [1-13C]-, [2-13C]- and [3-13C]-pyruvate. [l-13C]-pyruvate

gave only a low incorporation indicating that the C-l unit of pyruvate is lost during the

metabolic process. However, high incorporations into fluoroacetate 1 and 4-

fluorothreonine 14 resulted after feeding experiments with [2-13C]- 31a and [3-13C]-

pyruvate 31b (Scheme 1.16). The similar incorporation patterns into both of the

fluorometabolites lead to the hypothesis that C-2 and C-3 of pyruvate 31 are incorporated
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as a unit into fluoroacetate 1 and the same unit must donate C-3 and C-4 of 4-

fluorothreonine 14.

31a 14c lc 31b 14b lb

Scheme 1.16 Incorporation of [2-l3C]-pyruvate 31a and [3-13C]-pyruvate 31b into fluoroacetate
1 and 4-fluorothreonine 14.

The amino acid L-alanine is metabolically linked to pyruvate by the enzyme alanine
• . . « IT

transaminase, which forms pyruvate by transamination of L-alanine. Therefore, L-[3- C]-

alanine was administered to resting cells of S. cattleya and label was also incorporated in

C-2 of fluoroacetate and C-4 of 4-fluorothreonine as predicted.

1.5.4 Incorporation of succinate

Since pyruvate 31 has various metabolic fates, it is necessary to outline other potential

pathways for the incorporation of pyruvate into the fluorometabolites. One possibility is

that pyruvate undergoes decarboxylation and activation to yield acetyl-CoA although this

would seem unlikely, as the methyl group is no longer activated for a potential fluorination

reaction. Alternatively, pyruvate 31 could be converted by pyruvate decarboxylase to

oxaloacetate 4 prior to entry into the glycolytic pathway as activated phosphoenolpyruvate

35 (Scheme 1.17). Clearly, this is an attractive route to the organofluorine compounds

because all the intermediates on the glycolytic pathway contain a very good leaving group

for fluoride substitution in an acitvated phosphomethyl carbon.
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Scheme 1.17 Metabolic relation of succinate 32 and pyruvate 31.

In order to study the role of oxaloacetate 4 as a precursor, S. cattleya suspensions were

incubated with [ H^-succinate 32a, which is readily converted to oxaloacetate via the tri¬

carboxylic acid cycle (TCA cycle).

D D

°yV°2~
ODD
32a

OH
D- I .CO, D.

F NH3+
14d

O

lg

J Ul
-216 -218 -220 -222 -224 -226 -228

ppm

Figure 1.5
19t- r 1F{ H}-NMR spectra of fluoroacetate 1 (-215 ppm) and 4-fluorothreonine 14 (-

229 ppm) after incubation with [2H4]-succinate 32a for 48 hours.

• *2The feeding experiments with [ H4]-succinate 32a showed that only a single deuterium

atom is retained and is incorporated into the fluoromethyl group of both fluorinated

35



Chapter 1

secondary metabolites. As illustrated in Figure 1.5, only one upfield signal with an

induced isotope shift of 0.6 ppm is associated with each of the fluorometabolite peaks,

indicating that no population of molecules contain two deuterium atoms. This is consistent

with the processing of succinate through the TCA cycle whereby succinate is converted to

fumarate 33 and malate 34 finally leading to oxaloacetate 4 (Scheme 1.17).

1.5.5 Incorporation of glycerol

Results published by Tamura et al.89 have shown that [U-14C]-glycerol is the most

effectively incorporated precursor when compared with several other radiolabeled

compounds including L-[U-14C]-serine or even [3-14C]-pyruvate. Furthermore, a feeding
• * ■* 1 ^ 1 • • •

experiment with [2- C]-glycerol resulted in the exclusive incorporation of isotope into C-l

of fluoroacetate. Bearing in mind that C-2 and C-3 of pyruvate 31 contribute to C-l and C-

2 of fluoroacetate 1 and to C-3 and C-4 of fluorothreonine 14, it is likely that glycerol 36

and pyruvate 31 enter a common pathway and clearly the glycolytic pathway the most

obvious candidate.

To explore the role of glycerol 36 as a biosynthetic precursor to the fluorometabolites, it

must be taken into account that glycerol is prochiral and can be rendered chiral when

appropriately labelled with stable isotopes. Since glycerol is a C3 unit, it must undergo

cleavage of one of the prochiral hydroxymethyl groups during fluorometabolite

biosynthesis as only two of the three carbons can contribute to fluoroacetate 1 and C-3 and

C-4 of fluorothreonine 14.
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OH

HO. .OH

D D

36a

OH

HO. .OH

D D
36b

OH O

oVV02 + d°y
F NH3+ F

14e Id

OH O

CO? +

F NH3+
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O

Scheme 1.18 Incorporation of (2i?)-[l,l-2H2]-glycerol 36a and (25)-[l,l-1H2]-glycerol 36b into
fluoroacetate 1 and 4-fluorothreonine 14.

92 • 2
Accordingly, Nieschalk and co-workers synthesised both (2i?)-[l,l- FFJ-glycerol 36a and

(25)-[1,1 -2H2]-glycerol 36b and fed them to resting cell suspensions of S. cattleya.

Analysis of the experiment shows that only (2/?)-[1,1-2H2]-glycerol 36a resulted in

deuterium incorporation in the fluoromethyl groups of fluoroacetate 1 and 4-

fluorothreonine 14 (Scheme 1.18). As can be seen in the resutling '^{'HI-NMR spectrum

(Figure 1.6) signals of unlabelled fluoroacetate (-214.6 ppm) and 4-fluorothreonine (-229.2

ppm) have associated signals upfteld shifted by 0.6 ppm and 1.2 ppm respectively. The

higher shift results from a population of molecules containing two deuterium atoms on

each of the fluoromethyl groups (28 %) whereas the lower shift results from a minor,

single deuterium incorporation (< 5 %), from washout of the deuterium.

J ******
—i 1 1 1 1 1 1 1—
-216 -218 -220 -222 -224 -226 -228 -229

Figure 1.6 19c flF{ HJ-NMR spectra of fluoroacetate 1 (-214.6 ppm) and 4-fluorothreonine 14

(-229.2 ppm) after incubation with (2/?)-[l,l-2H2]-glycerol 36a.
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2 2
The exclusive incorporation of (2i?)-[l,l- H2]-glycerol 36a over (25)-[1,1- H2]-glycerol

36b demonstrates that the pro-S hydroxymethyl group of glycerol 36 must be cleaved and

lost during fluorometabolite biosynthesis. Therefore, the pro-R hydroxymethyl group,

which becomes fluorinated, is also the hydroxymethyl group that becomes phosphorylated

to generate glycerol-3-phosphate 37 before entering the glycolytic pathway. Interestingly,

the stereospecific phosphorylation of the pro-R arm of glycerol is carried out by a glycerol

kinase before entering glycolysis, highlighting the glycolytic pathway as a possible branch

point towards fluoroacetate and 4-fluorothreonine. Furthermore, the retention of both

deuterium atoms indicates that this carbon does not become oxidised between

phosphorylation and fluorination. A plausible explanation could be that phosporylation

provides activation for the fluorination step by displacement of a phosphate leaving group

by fluoride ion.

1.5.6 Stereochemical course of fluorination

A common attribute of enzymatic reactions is their high degree of stereospecificity and

recent studies were able to show that the stereochemical course of enzymatic fluorination
• • • • q1 q"!

occurs with predominant retention of configuration. Goss and co-workers developed a

sensitive method to analyse the configuration of (R) le and (5) [2Hi]-fluoroacetate If upon

feeding of [2H4]-succinate 32a, (1R, 2R)- 36c and (IS, 2R)-[1 -2Hi]-glycerol 36d to resting

cells of S. cattleya.

Labelling experiments with [ FL]-succinate 32a have shown (Section 1.5.4) that only a

single deuterium becomes incorporated into the fluoromethyl group of fluoroacetate 1 and

of 4-fluorothreonine 14. These results are consistent with processing succinate 32 along

enzymes of the citric acid cycle via fumarate 33 and L-malate 34 to oxaloacetate 4. The
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enzyme enolase,94 converts oxaloacetate 4 to phosphoenolpyruvate 35 and then hydratase95

generates 2-phosphoglycerate 38, before further phosphorylation to 2,3-

diphosphoglycerate 39 as shown in Scheme 1.19.

a.P -

-o2c^co*
D D

32a

D

02C
C02

succinate

dehydrogenase
33a

D
fumarase

VH -o2c^yr/d°2
OH

34a

malate

dehydrogenase

enolase

O n> 9 D

? yvLc°' hY°;
o oH ,6 H ° P° hydratase PC -

°F 1c 39a °6 3*»

Scheme 1.19 Metabolic route from [2H4]-succinate 32a to [2H,]-fluoroacetate lc.

The phosporylated compounds shown in Scheme 1.19 belong to the glycolytic pathway,

which has been proposed as branching point to the fluorinated intermediates. Since the

stereochemistry of these reactions is well understood, the residual deuterium carried
■j

through from [ fy-succinate 32a leads to a (R) configuration for the glycolytic

intermediates.

2 2The resultant [ Hi]-fluoroacetate lg was isolated after feeding [ H4]-succinate 32a to

resting cells of S. cattleya and derivatised to the hexyl [ Hi]-fluoroacetate. Analysis of the

derivatised compound was carried out by 2H-NMR in a chiral liquid crystalline medium, a

new powerful technique for the analysis of enantiomeric enriched compounds containing
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deuterium.96'97'98,99 The experiment showed a 19 % deuterium incorporation into

fluoroacetate but the enantiomeric purity of [2Hi]-fluoroacetate lg was rather low.

However, the configuration was biased in favour of the (R) enantiomer (25 % ee),

indicating that the stereochemical course of the reaction proceeds with predominant
93

retention of configuration. To enforce these results, the authors prepared synthetic

samples of (1R, 2R)- 36c and (IS, 27?)-[l-2Hi]-glycerol 36d. Glycerol 36 enters the

glycolytic pathway after phosphorylation by a glycerol kinase to generate glycerol-3-
9 • • •

phosphate 37. Since the [ H4]-succinate 32a feeding experiments indicated that the

fluorination occurs with retention of configuration, it was anticipated that resting cell

experiments with either (1R, 2R)- or (IS, 27?)-[l-2Hi]-glycerol should lead to (i?)-[2Hij- le
9 9

or (S)-[ Hi]-fluoroacetate If respectively. Enantiomeric analysis of the (1R, 2i?)-[l- Hi]-

glycerol 36c feeding experiment showed that the resultant [ Hi]-fluoroacetate le had an

enantiomeric enrichment of 75 % in favour of the (R) configuration, whereas the (IS, 2R)-

[1- Hi]-glycerol 36d administered to resting cells gave a 30-40 % ee in favour of the (S)-

[ Hi]-fluoroacetate If (Scheme 1.20). Although all the feeding experiments carried out by
QT

Goss and co-workers show a loss of stereochemical integrity in the resultant [2- Hi]-

fluoroacetates, the results clearly support a predominant retention of configuration for the

stereochemical course of enzymatic fluorination.

OH O

HC^/^OH — ' , N^qh 75 % ee
H D H D

(1R.2R) 36c (1R) 1e

OH O

HO. A. .OH F.
OH 30-40 % ee

OH D" H

(1S, 2R) 36d (1S) 1f

Scheme 1.20 Stereochemical course of deuterium incorporation into [2Hi]-fluoroacetate after

feeding (1R, 2R)- (36c) or (IS, 2i?)-[l-2Hi]-glycerol (36d) to resting cells of S. cattleya.
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1.5.7 Overview

• it

Feeding experiments with isotopically labelled precusors, and particularly with [2- C]-

glycerol, [2-13C]-pyruvate 31a and deuterium labelled glucose,100'101 have indicated that the

glycolytic pathway is important in delivering precursors for fluorometabolite biosynthesis.

Feeding experiments conducted by Murphy101 studied the dilution effect of unlabelled
n it

intermediates on the incorporation of isotopic label from [2- C]-glycerol and [2- C]-

pyruvate 31a into the fluorometabolites of S. cattleya. The highest dilution was observed

in the presence of dihydroxyacetone and D-glyceraldehyde suggesting again the

importance of glycolytic intermediates such as dihydroxyacetone phosphate 40 or D-

glyceraldehyde-3-phosphate 41. An overview of the metabolic relationships discussed

within this chapter is given in Scheme 1.21.

Fluoroacetaldehyde 15 appears to be a strong candidate as the common intermediate to

both fluoroacetate 1 and 4-fluorothreonine 14 and this will be discussed in detail in

Chapter 2.
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Scheme 1.21 Overview of the metabolic relationships in fluoroacetate 1 and 4-fluorothreonine
14 biosynthesis in Streptomyces cattleya derived from isotopic labelling experiments.

1.6 Biological fluorination by engineered glycosidase mutants

Enzymatic formation of a carbon fluorine bond by two engineered enzymes from active

site mutants ofAgrobacterium sp. (/Tglucosidase) and Cellulomonas fimi (/3-mannosidase)

have been reported very recently.102'103 The mutants were generated by site directed

mutagenesis replacing the catalytic glutamate residue in the active site of the glycosidases

with alanine, serine or glycine residues. The carboxylate group acts as a nucleophile in the

42



Chapter 1

native enzyme and the replacement results in the loss of the catalytic activity for glycosidic

bond cleavage. A typical feature of such mutants is the possibility to restore their ability to

cleave glycosidic bonds when nucleophilic anions like acetate, formate or azide are added

together with the substrate.104 Withers and co-workers102,103 noted that in the presence of a

high concentration of fluoride ions (2 M) and 2,4-dinitrophenyl /^-glycoside 42, the activity

of the engineered enzymes was substantially restored. Fluoride apparently acts in place of

the missing catalytic nucleophile and transglycosylation occurs via transitory formation of

a glucosyl fluoride 43 (Scheme 1.22).

Ser for G!u 358 Ser for Glu 358 Ser for Glu 358

Scheme 1.22 Proposed mechanism for transglycosylation by Agrobacterium sp. /?-glucosidase
via the in situ generation of a a-glucosyl fluoride 43.

Halides other than fluoride can replace the missing nucleophile, but the order of halide

reactivity is opposite to that expected. In aqueous solution, fluoride ions are highly

solvated suggesting that fluoride is a very poor nucleophile. However, comparing the

kinetic parameters for nucleophilic halogenation, the reactivity in these enzymes is in the

order F" > CI" > Br", the same order as that observed in organic solvents, indicating that

desolvation of the halide ions occurs in the active site of the enzymes.

A second set of mutants (Cellulomonas fimi) were generated by replacing the catalytic

glutamate residue responsible for the deglycolysation (Scheme 1.22, second step), with
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alanine. Due to the absence now of a basic group, deglycolysation is very slow and the

covalently bound intermediate accumulates. On addition of fluoride (1 M), the reaction is

accelerated by a factor of 7 as fluoride attacks the anomeric carbon of the intermediate

resulting in the release of /Tmannosyl fluoride 44 (Scheme 1.23). As the enzymatic

reaction product is also a very good substrate for the enzyme, isolation of the /Ttnannosyl

fluoride is not feasable but a low steady-state concentration of /Tmannosyl fluoride is

observed when the enzyme reaction is monitored by 19F NMR.

Ala for Glu 429 Ala for Glu 429

'^ZVy^_r|v^1yv^ 'VVVjVA/VP
ch3 ch3

HO—^HO HO—JHO F HO-AHO
HO^XUODNP . » HO-^y^-[Q\/ ^ HO'^'*0V HO^^X HOf V HO-^

DNPOH 0^.00..0 unrvjn 47X
Glu 519 Glu 519

Scheme 1.23 Proposod mechanism for transglycoGylation by Ccllulomonas fimi fi mannosidasc
via the in situ generation of a a-mannosyl fluoride 44.

The authors draw attention to the fact that nucleocidin 13 (Section 1.2.1) is also a glycosyl

fluoride. Although C-F bond formation in their study was mediated by a genetically

engineered protein, it is conceivable that nucleocidin in S. calvus is biosynthesised via an

analogous mechanism involving nucleophilic fluoride.
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2

2.1 Introduction

Over the last 16 years, extensive investigations have been carried out to explore the

metabolic route to the fluorinated metabolites fluoroacetate 1 and 4-fluorothreonine 14.

Results from several research groups has given a good understanding of how the

biosynthetic pathways of primary metabolism contribute to their biosynthesis. For

example, labelling experiments carried out by Flamilton et a/61 and Nieschalk et af2 with

isotopically labelled glycine 16, glycerol 36, pyruvate 31 and succinate 32 have indicated

that the glycolytic intermediates play a central role in fluorometabolite biosynthesis. The

investigations with isotopically labelled precursors have established that C-l and C-2 of

fluoroacetate have the same biosynthetic origin as C-3 and C-4 of 4-fluorothreonine

(Section 1.5). These findings gave rise to the assumption that only a single fluorination

enzyme is operating in S. cattleya. It was established by Reid et al60 that the two

metabolites not interconvert and therefore must arise by further metabolism of a common

fluorinated intermediate.

Dr. S.J. Moss100 has shown that fluoroacetaldehyde 15 is efficiently converted to

fluoroacetate 1 by cell-free extract preparations of S. cattleya in an NAD+ dependent

process. The results obtained by Moss are shown in Figure 2.1. Cell-free extract of S.

cattleya incubated with fluoroacetaldehyde 15 and NAD+ was monitored by 19F NMR A

Isotopic labelling studies into the

biosynthesis of fluoroacetate and 4-
fluorothreonine
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rapid conversion of fluoroacetaldehyde 15 (-229 ppm) to fluoroacetate 1 (-215 ppm) can be

detected within 45 min (Figure 2.1).

A (5 min)

fluoroacetate 1

fcliiukik.L .-.tfL-i j||f ||t^
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Figure 2.1 F NMR spectra recorded after 5 min (A) and 45 min (B) incubation of
fluoroacetaldehyde 15 and NAD+ with cell-free extract of S. cattleya.m

The enzyme responsible for the final step in fluoroacetate biosynthesis in S. cattleya was

recently purified to homogeneity.105 The isolated fluoroacetaldehyde dehydrogenase

appears to be similar to other aldehyde dehydrogenases in many respects; it is a tetramer
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(mol wt 200,000), has a pH optimum of 9 and is sensitive to thiol-blocking agents. The

preferred substrates are fluoroacetaldehyde and glycoaldehyde, however other aldehydes

such as acetaldehyde, propionaldehyde and glyceraldehyde are utilised very slowly.

Studies on the effect of culture age on fluoroacetaldehyde dehydrogenase activity showed

that the enzyme has its highest activity in the stationary growth phase of the bacterium

consistent with its role in secondary metabolism. Fluoroacetaldehyde 15 was clearly

implicated as the direct precursor for fluoroacetate biosynthesis in S. cattleya, however the

biosynthetic relationship between fluoroacetaldehyde 15 and 4-fluorothreonine 14 at that

stage remained to be evaluated.
( in # #

This relationship was explored by Hamilton , who conducted a series of experiments

where resting cells of S. cattleya were incubated in the presence of aqueous solution of

fluoroacetaldehyde 15, fluoroethanol 29, fluoroacetate 1 and fluoride ion. The results

showed that the highest 4-fluorothreonine 14 concentration was detected upon the addition

of fluoroacetaldehyde. Thus it was suggested that fluoroacetaldehyde 15 is directly

involved in 4-fluorothreonine biosynthesis and is also the common precursor for both

fluorometabolites produced by S. cattleya (Scheme 2.1).

O

F

F F NH3
1 14

Scheme 2.1 Fluoroacetaldehyde 15 as common precursor to fluoroacetate 1 and 4-
fluorothreonine 14 in S. cattleya.
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2.2 The role of fluoroacetaldehyde in 4-fluorothreonine biosynthesis

Although the results presented above suggest a role for fluoroacetaldehyde 15 as a

precursor in fluoroacetate biosynthesis, it became an objective to demonstrate

unambiguously that fluoroacetaldehyde 15 is directly involved in 4-fluorothreonine 14

biosynthesis. Feeding of [1-2H]-fluoroacetaldehyde 15a to resting cells of Streptomyces
2 ci •

cattleya would clearly show if [1- H]-fluoroacetaldehyde is involved in 4-fluorothreonine

14 biosynthesis as [3- H]-4-fluorothreonine 14f would be generated (Scheme 2.2). To this

end a synthesis of [1-2H]-fluoroacetaldehyde was explored.

O D. OH
S. cattleya

D

F F NH3+
15a 14f

Scheme 2.2 Deuterium incorporation into 4-fluorothreonine 14f after feeding [1-2H]-
fluoroacetaldehyde 15a to resting cells of S. cattleya.

2.2.1 Synthesis of [l-2H]-fluoroacetaldehyde

9
The synthesis of [1- H]-fluoroacetaldehyde 15a was addressed using a method developed

1 az: n a

by Rogers for the synthesis of [1- C, 1,1- Fy-ethanol, which again was an adaptation

of a previously reported route for the preparation of isotopically labelled ethanol.107 The

route involves the preparation pr/ra-phenylphenacyl fluoroacetate 45 from fluoroacetate 1

followed by reduction with LiAl2H4. Oxidation of the resultant [l,l-2H2]-fluoroethanol

29a would then yield [1- H]-fluoroacetaldehyde 15a. The key feature of the method is that

the reduction of the phenylphenacyl derivative is carried out in a high boiling solvent

(tetraglyme, boiling point 276 °C) and the reaction is quenched with a high boiling alcohol

(2-phenoxyethanol, boiling point 237 °C). As the product [l,l-2H2]-2-fluoroethanol 29a is
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the lowest boiling component (103 °C) of the solvent and product mixture, it can be

distilled out of the reaction mixture by the addition of dichloromethane (DCM) to the

residue. Oxidation of the residue with pyridinium dichromate (PDC) as described for the

preparation of unlabelled fluoroacetaldehyde 15 from fluoroethanol 29 (Section 6.1.2)

would then yield the desired product.

Following the described method, the synthesis was initiated by the preparation of para-

phenylphenacyl fluoroacetate 45, the derivative previously used for GC/MS analysis of

fluoroacetate 1 (Section 6.1.10.1). The adduct was formed by suspension of sodium

fluoroacetate in a solution of /?ara-phenylphenacyl bromide 46 in a 1:1 mixture of

acetonitrile and toluene. A catalytic amount of 18-crown-6 was then added and the

mixture heated at reflux for 16 hours. The resultant solution was washed with water and

the solvent removed to yield the product 45 in 88 % yield as a yellow solid.

46 45

Scheme 2.3 Reagents and conditions: i, sodium fluoroacetate 1 , 18-crown-6, acetonitrile-
toluene (1:1), reflux, 16 h, 88%.

The resultant joara-phenylphenacyl fluoroacetate 45 was suspended in tetraglyme and

slowly added to a suspension of LiAl H4. After completion of the reduction, the reaction

was quenched using 2-phenoxyethanol. The presence of [l,l-2H2]-2-fluoroethanol 29a

was confirmed by 19F NMR analysis of the reaction mixture. The 19F NMR spectrum

showed one signal corresponding to 29a, indicating that the sample was not contaminated

with other fluorinated compounds. Attempts to distil the [l,l-2H2]-2-fluoroethanol 29a
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from the resultant solution proved difficult. The reaction vessels were heated to 140 °C

and the distillation was carried out by adding DCM to the reaction mixture. 19F NMR

analysis of the distillate did not indicate the presence of a fluorinated compound. The

desired product was also not detectable in the distillation residue. The previously observed

signal for the deuterated fluoroethanol was now not apparent. Instead, two broad signals

between -160 ppm and -220 ppm could be seen, which were possibly due to the formation

of a complex with residual aluminium. The repetition of the synthesis led to the same

result. Modifications to the method, including reducing the solvent volume and increasing

and decreasing the distillation temperature, proved unsuccessful.
. . . 9

Since the next step in the synthesis after generating [1,1- H2]-2-fluoroethanol 29a is

oxidation of the alcohol with PDC in DCM, the reduction of para-phenylphenacyl

fluoroacetate 45 to 29a was also explored in DCM. However, this method failed and only

unreacted /rara-phenylphenacyl fluoroacetate 45 could be detected after quenching the

reaction. The solvent was changed from DCM to diethyl ether (DEE) and after distillation
9 10

of the reaction mixture, [1,1- H2]-2-fluoroethanol 29a was observed by F NMR analysis.
9 9

The oxidation of [1,1- H2]-2-fluoroethanol 29a to [1- H2]-fluoroacetaldehyde 15a was

carried out in DEE, but the reaction was not successful and only unreacted 29a remained.

In order to test if the oxidation of the alcohol to the corresponding aldehyde could be

carried out in a 1:1 mixture of DEE and DCM, unlabelled fluoroethanol 29 was added to a

suspension of PDC in DEE/DCM (1:1) and heated to reflux overnight. 19F NMR analysis

indicated that approximately 50 % of the fluoroethanol 29 had been converted to

fluoroacetaldehyde 15. This was acceptable for the reaction to be performed with the
• 9

labelled material. Finally, the synthesis of [1- H2]-fluoroacetaldehyde 15a was

successfully carried out according to the scheme shown in Scheme 2.4.
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O

,o OH

O
D
D D

45 29a 15a

Scheme 2.4 Reagents and conditions', i, LiAl2H4, DEE, -10 °C, 20 min, room temp., 3 h, then

2-phenoxyethanol; ii, PDC, DEE/DCM (1:1), reflux, 18 h, 52 %.

The synthesis of [l-2H]-fluoroacetaldehyde 15a was confirmed by 19F NMR (Figure 2.2)

and by comparison of the integrals, the conversion of [1,1- H2]-2-fluoroethanol 29a to [1-

2H2]-fluoroacetaldehyde 15a in the last step of the synthesis was determined to be 52 %.

When the aqueous sample was additionally analysed by proton decoupled 19F NMR

(spectrum not shown), it was found that the preparation contained a 5 % contaminant,

which was not detectable in proton coupled l9F NMR (Figure 2.2), due to the low

concentration. The compound was identified as [1,2- H2]-fluoroacetaldehyde 15b, as

detected by a heavy isotope induced shift of 0.6 ppm to a lower frequency.

sir

■ 11

Figure2.2 19F NMR of [l-2H]-fluoroacetaldehyde 15a (-231.9 ppm) and [l,l-2H2]-2-
fluoroethanol 29a (-225.8 ppm) in 1:1 ratio as determined by integration.
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To determine the concentration of the deuterated fluoroacetaldehyde, an enzymatic assay

was established using a commercially available aldehyde dehydrogenase. It was found that

the enzyme is capable of utilising both acetaldehyde and fluoroacetaldehyde 15 as

substrates, to form the corresponding carboxylic acids in the presence of NAD+. The

enzyme reaction can be followed spectrophotometrically as the NAD+ is reduced to NADH

during the oxidation leading to a detectable absorbance change at 340 nm. Therefore, the

concentration of 15a can be calculated from the total increase in absorbance at 340 nm

using 8340 = 6220 M"1 cm"1 for NADH and was determined to be 50 mM by the described

enzyme assay.

2.2.2 Feeding of [l-2H]-fluoroacetaldehyde to resting cells of S. cattleya

According to previously obtained results, unlabelled fluoroacetaldehyde 15 is utilised

efficiently by resting cultures of S. cattleya and complete uptake can be observed within 3

h. To maximise the level of deuterium incorporation and to avoid the in situ production of
• • • • 9

unlabelled 4-fluorothreonine, it was decided to terminate the feeding experiment of [1- H]-

fluoroacetaldehyde after 3 hours. [1- H]-Fluoroacetaldehyde 15a was fed at a final

concentration of 2.5 mM to resting cells of S. cattleya (high cell density, 0.43 wet wt ml"1)

and incubated for 3 h. Samples were taken after 0, 1.5 and 3 h.

Surprisingly, the NMR spectrum of the supernatant, after incubation did not show

any fluorometabolite production and even the concentrations detected by GC/MS analysis

were too low to give reliable data. As the growth ofmicrobial cultures varies from time to

time, a plausible explanation could be that the cells used in the experiment were not at the

correct age for maximal enzyme activity. Therefore the ability of S. cattleya to oxidise
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unlabelled fluoroacetaldehyde was tested before starting the next experiment with the

labelled compound. It was shown that unlabelled material was readily utilised and

converted to fluoroacetate indicating that the cells for the second feeding experiment were

in a more active state. However, after feeding labelled fluoroacetaldehyde 15a to 'healthy'

cells of S. cattleya, it was found that the utilisation was again very poor and that there was

insufficient material for analysis. Undoubtedly, the deuterated compound affects the

activity of the enzyme, possibly due to a kinetic isotope effect.

In a third attempt, the aqueous solution of [1- H]-fluoroacetaldehyde 15a was fed at a final

concentration of 2.5 mM to resting cells of S. cattleya (high cell density, 0.43 wet wt ml"1)

and samples for GC/MS analysis were taken after 7 and 20 h. The GC/MS data presented
• • 2in Table 2.1 show substantial incorporation of a single H into the (C-2 + C-3 + C-4)

fragment of 4-fluorothreonine after 7 h incubation.

Table 2.1 Deuterium incorporation into 4-fluorothreonine after incubation of [ 1 -2H]-
fluoroacetaldehyde 15a (95 %) and [l,2-2H2]-fluoroacetaldehyde 15b (5 %) with resting cells of S.

cattleya.

Incubation time (h) 2H-Incorporation (%)

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

M+l M+2 M+l M+2

7 <0.5 <0.5 33.5 ± 0.09 1.70 ±0.05

20 <0.5 <0.5 22.4 ± 0.10 1.30 ±0.04

The label must reasonably reside on the C-3-C-4 fragment of 4-fluorothreonine as there is

no significant labelling into the C-l-C-2 portion. During the same time period, there was

also a small but significant incorporation (1.7 %) of two H atoms into these positions of

the fluorinated amino acid. The M+\:M+2 ratio for the C-3-C-4 unit directly reflects the

ratio (~ 20:1) of [l-2H]-fluoroacetaldehyde 15a to [1,2-2H2]-fluoroacetaldehyde 15b

53



Chapter 2

administered to the cells. Similar results were obtained for the sample incubated for 20 h.

The lower deuterium incorporation after 20 h incubation can be explained by in situ

biosynthesis of unlabelled 4-fluorothreonine 14 from liberated fluoride, diluting the

concentration of labelled 4-fluorothreonine over time.

Analysis by I9F{'H} NMR (spectrum not shown) supported the data obtained by GC/MS

analysis. The resulting spectrum (20 h incubation time) contained a major signal situated

0.6 ppm upfield from the natural abundant signal, and a minor signal shifted 1.2 ppm to a

lower frequency. The major signal results from a population of 4-fluorothreonine

molecules containing a single deuterium whereas the minor signal indicates the

incorporation of two deuteriums at C-3 and C-4 of the amino acid.

In conclusion, the findings provide compelling evidence that fluoroacetaldehyde 15 is

incorporated as an intact unit into C-3 and C-4 of fluorothreonine 14 and the observations

are consistent with a role of fluoroacetaldehyde 15 as the common intermediate in the

biosynthesis of both fluorometabolites.

2.3 Investigations of C-2 and C-3 units in fluoroacetaldehyde

biosynthesis

Previous isotope labelling experiments have indicated that glycine 16 is converted to serine

3061'90 before it becomes incorporated into fluoroacetate 1 and 4-fluorothreonine 14

(Scheme 1.5.2). This was evident from the substantial double labelling of the resultant
• • • IT

fluorometabolites after feeding experiments with [2- C]-glycine 16a. The recombination

of the C-2 of glycine is attributed to the in vivo biosynthesis of [2,3-13C2]-serine 30a from
IT

two molecules of [2- C]-glycine 16a, a process catalysed by serine hydroxymethyl

transferase. Investigations with variously isotopically labelled serine, pyruvate and
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glycerol have indicated that these compounds are good precursors of the fluorometabolites

and it was proposed that the carbon substrate for fluorination was closely related to a

1 08

phosphorylated intermediate of the glycolytic pathway between glycerol and pyruvate.

This hypothesis requires that serine 30 contributes to the glycolytic pathway via its

metabolism to pyruvate 31. However, extensive cell-free studies with S. cattleya have

failed to demonstrate the conversion of particular glycolytic-phosphate intermediates to

organofluorine compounds.100

Therefore, other biosynthetic pathways were considered to explain the previous data.

Instead of metabolism into the glycolytic pathway via pyruvate, it was considered that

serine may become metabolised to ethanolamine 50, which as a C2 compound emerged as

a putative precursor to fluoroacetaldehydeb 15

An alternative route to fluoroacetaldehyde 15 was envisaged via the amino acid L-cysteine

48. L-cysteine 48 is biosynthesised in two enzymatic steps sarting from L-serine 30 and L-

homocysteine 47, where the hydroxyl group of serine 30 is replaced by a thiol group

delivered by homocysteine 47 (Scheme 2.5). Decarboxylation of L-cysteine 48 can clearly

deliver cysteamine 49, another C2 candidate precursor to fluoroacetaldehyde 15.

HS.

NH

co2
+ +

47

HO
CO, 2 enzymatic steps

NH,

30

O

OH

OH

CO,

F NH3
14

HS
CO,

NH,
48

decarboxylation

SH

NH2

49

Scheme 2.5 Putative pathway for fluorometabolite biosynthesis involving L-cysteine 48 and

cysteamine 49.

55



Chapter 2

As the carbon skeleton in the reaction does not change during the transformation from

serine 30 to cysteine 49, the reported labelling studies with isotopically labelled serine

would be consistent with the described pathway. Furthermore, recent studies on the

stereochemical course of the fluorination process indicate that the reaction occurs with an

overall retention of configuration.93 As the fluorination itself is most likely to involve a

nucleophilic substitution, two inversions are perhaps necessary to obtain an overall

retention of configuration. The proposed pathway shown in Scheme 2.5 fulfils the

requirements as the first inversion occurs during the condensation of 47 and 30 followed

by a likewise displacement of the thiol group of 49 by fluoride ion. It therefore became an

objective to explore if either of these compounds had a role to play in fluorometabolite

biosynthesis.

2.3.1 Synthesis of [l,l-2H2]-ethanolamine

2 • •The synthesis of [1,1- Fy-ethanolamine 50a was carried out by reduction of the glycine

methyl ester 51 by addition of LiAl2FLt following the method described by Gani et a/.109

After quenching the reaction with saturated sodium sulphate solution, a white precipitate

appeared, which was extracted using a Soxhlet apparatus. The resultant [1,1-2H2]-

ethanolamine 50a was purified by Kugelrohr distillation. The reaction was efficient and

proceeded with an overall yield of 73 %.
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2.3.2 Feeding of [l,l-2H2]-ethanolamine to resting cells of S. cattleya

[l,l-2H2]-Ethanolamine 50a was added at two different concentrations (10 mM and 20

mM) to resting cell preparations of Streptomyces cattleya in 50 mM MES buffer (pH 6.5)

(33 mg wet wt ml"1), supplemented with NaF (2 mM). After incubation for 48 h,

deuterium label incorporated into fluoroacetate 1 and 4-fluorothreonine 14 was determined

by 19F{1II} NMR and GC/MS analyses. The resultant ^Fl'H} NMR spectrum after the

feeding experiment with [l,l-2H2]-ethanolamine 50a at 10 mM is shown in Figure 2.3.

Figure 2.3 19F{'H}-NMR spectrum of fluoroacetate 1 (216.8 ppm) and 4-fluorothreonine 14

(231.3 ppm) after incubation of [l,l-2H2]-ethanolamine 50a (10 mM) with resting cells of S.

cattleya. The signals (a) represent satellites due to natural abundance 13C-19F coupling. The signal

(b) represents a deuterium induced isotope shift due to molecules containing a mono-labelled

fluoromethyl group (CF2HH).
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The signal at -217.4 ppm (induced shift of ca. 0.6 ppm) represents a population of

fluoroacetate 1 molecules (~2%) bearing a fluoromethyl group with a single deuterium

label. The asymmetric satellites most evident around the fluoroacetate 1 signal at -216.8

ppm (a) arise from 19F-I3C coupling due to the presence of natural abundance (~1 %)

carbon-13 isotope. The asymmetry of these satellites around the present signal arises due

to a heavy atom (13C) induced shift. Deuterium incorporation of a similar magnitude and

pattern to that found in 1 was obvious also in the 19F-NMR signal (-231.3 ppm) for 4-

fluorothreonine 14. This mirroring of the isotopic labelling patterns from isotopically

labelled precursors into both of the fluorometabolites is consistent with all previously

reported experiments. Notably there was no evidence for a population of fluorometabolites

carrying two deuterium atoms on the fluoromethyl group and therefore no evidence for any

direct incorporation of [1,1- Hy-ethanolamine 50a into 1 or 14. GC/MS analysis

determined the incorporation levels in the resultant mono-labelled fluoroacetate and 4-

fluorothreonine to be 1.0 % and 2.0 % when [1,1- Fy-ethanolamine 50a was administered

to cells of S. cattleya at concentrations of 10 mM and 20 mM respectively (Table 2.2 and

Table 2.3).

Table 2.2 GC/MS determined Incorporation levels into fluoroacetate 1 after feeding [1,1-

2H2]-ethanolamine 50a to resting cells of S. cattleya.

Precursor 2H-Incorporation (%)

M+l M+2

C-l C-2 C-l + C-2

[l,l-2H2]-ethanolamine (10 mM) <0.5 1.1 ±0.15 <0.5

[l,l-2H2]-ethanolamine (20 mM) <0.5 2.1 ±0.31 <0.5
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Table 2.3 GC/MS determined Incorporation levels into 4-fluorothreonine 14 after feeding

[1,1 -2H2]-ethanolamine 50a to resting cells of S. cattleya.

Precursor 2H-Incorporation (%)

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

M+l M+2 M+l M+2

[l,l-2H2]-ethanolamine (10 mM) <0.5 <0.5 1.0 ±0.06 <0.5

[l,l-2H2]-ethanolamine (20 mM) <0.5 <0.5 2.3 ±0.19 <0.5

These results do not support the direct involvement of ethanolamine 50 as a precursor to

fluoroacetaldehyde 15. A possible explanation for the low incorporation of a single

isotope into each of the fluorometabolites could lie in deuterium exchange with the

medium, however this appears to be unlikely because there was no detectable population of

molecules containing two deuteriums, attached to fluoromethyl groups of 1 and 14.

The incorporation of a small amount of single label can perhaps be more reasonably
• • 9

rationalised by the isomerisation of [1,1- H2]-ethanolamine 50a via the co-enzyme B12

dependent enzyme, ethanolamine ammonia lyase. This enzyme converts ethanolamine 50

to acetaldehyde 52109 and mediates a formal vicinal interchange process with migration of

the amino NH2 group in one direction and a hydrogen (deuterium) in the other direction
'j

(Scheme 2.6). Deamination would generate [1,2- fy-acetaldehyde 52a, which may be

oxidised by an acetaldehyde dehydrogenase leading to an in vivo pool of [2-2Hi]-acetate

53a.
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Scheme 2.6 Proposed metabolism of [l,l-2H2]-ethanolamine 50a to account for the observed

labelling of isotope into fluoroacetate lg (and 4-fluorothreonine).

Previous feeding experiments have shown that single labelled acetate can become

incorporated into the fluorometabolites via TCA cycle metabolism. Thus, in vivo

generation of [2- Hi]-acetate lg could be followed by entry into the TCA cycle after

activation to acetyl-CoA and condensation with oxaloacetate to generate citrate. Citrate is

then subsequently processed through the TCA cycle to generate labelled oxaloacetate

carrying a single deuterium label. Oxaloacetate then enters the glycolytic pathway and

leads to phosphoenolpyruvate and eventually to a single label incorporation into

fluorometabolites 1 and 14.

2.3.3 Feeding of [3,3,3',3'-2H4]-DL-cystine to resting cells of S. cattleya

Sulphur containing compounds are known to be toxic to certain organisms and therefore

control experiments with unlabelled L-cysteine 48 and cysteamine 49 were conducted to

study their effect on fluorometabolite biosynthesis. Resting cell preparations of S. cattleya
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were incubated for 48 h with different concentrations of L-cysteine 48 and cysteamine 49

in the presence of NaF (2 mM). 19F NMR analysis of the supernatants showed that

cultures incubated with cysteamine 49 above concentrations of 3 mM lost the ability to

biosynthesise fluoroacetate 1 and 4-fluorothreonine 14. The effect of L-cysteine 48 on

resting cell preparations was more dramatic, as only at very low concentrations of the

amino acid (< 0.1 mM) could fluorometabolite production be observed. Flowever, the

dimer of cysteine, cystine 55, did not inhibit the production of organofluorine compounds

when concentrations of the administered compound were kept below 4 mM. Cystine 55 is

an intermediate in sulphur metabolism in microorganisms and can be reduced to the amino

acid cysteine 48 by the action of a cystine reductase.110

2 .

[3,3,3',3'- H4]-DL-cystine 55a (Cambridge Isotope Laboratories) was administered to

resting cells of S. cattleya at a final concentration of 3 mM and incubated with NaF (2

mM) for 48 h. Analysis of the supernatant of S. cattleya by 19F{]H} NMR showed

deuterium incorporation in both of the fluorometabolites. Two signals associated with

fluoroacetate 1 (-217.2 ppm) can be observed. The first signal at -217.8 ppm has an

upfield shift of 0.6 ppm indicating a population of molecules containing a single deuterium

atom on the fluoromethyl group (F2HiHC-). The second signal at -218.3 ppm, with a

chemical shift of 1.1 ppm to even lower frequency, is associated with the existence of

geminal di-deuterium labelled fluoromethyl groups (F2Hl2C-). The incorporations were

confirmed by GC/MS analysis, where single label incorporation was determined to be 1.5

% and double label incorporation was 0.7 % (Table 2.4).

D D D D

[3,3,3',3'-2H4]-DL-cystine 55a
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-218 -220 -222 -224 -226 -228 -230 -232 ppm

Figure 2.4 ''Fl'H} NMR spectrum of fluoroacetate 1 and 4-fluorothreonine 14 after
incubation of [3,3,3 \3'-2H4]-DL-cystine 553 (3 mM) with resting cells of S. cattleya for 48 h. The
fluoroacetate (- 217.2 ppm) signal contains associated signals of single (-217.8 ppm) and double
labelled (-218.9 ppm) fluoroacetate.

Table 2.4 GC/MS determined incorporation levels into fluoroacetate 1 after feeding

[3,3,3',3'-2H4]-DL-cystine 55a to resting cells of S. cattleya.

Precursor 2H-Incorporation (%)

M+l M+2

C-l C-2 C-l + C-2

[3,3,3',3'-2H4]-DL-cystine 55a (3 mM) <0.5 1.53 ±0.11 0.7 ±0.10

The results obtained only partially support the involvement of L-cysteine 48 in

fluorometabolite biosynthesis. It would be anticipated that predominant double label
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incorporation should be detected. However, observation of single and double labelled

fluoroacetate can be rationalised via conversion of L-cysteine 48 and cystine 55 to pyruvate

31 as illustrated in Scheme 1.9.

Scheme 2.7 Possible metabolic pathways of l-cystine 55 to pyruvate 31 via l-cysteine 48.

The presence of two deuterium atoms on C-3 of L-cysteine 48 or L-cystine 55 should

generate, in either case, double label incorporation into C-3 of pyruvate 31. Pyruvate 31

could enter the TCA cycle to give single label incorporation into fluoroacetate 1 and 4-

fluorothreonine 14. Alternatively, if pyruvate 31 is processed through the glycolytic

pathway both deuteriums should be retained and a double label incorporation observed.
87 9

These possibilities are consistent with the results obtained by Amin, who fed [3,3,3- H3]-

alanine to resting cell suspensions of S. cattleya and found that one (6 %) and two (7 %)

deuterium atoms were incorporated into the fluoromethyl moieties of each fluorinated

metabolite. As pyruvate 31 can be derived from L-alanine by enzymatic transamination,

the results support the conversion of L-cysteine 48 and L-cystine 55 to pyruvate 31 rather

than conversion of L-cysteine 48 to cysteamine 49, before incorporation into the

fluorometabolites. However, as the amino acid cysteine is involved in a large number of

metabolic processes, incorporation is perhaps not too significant. Accordingly, the

synthesis and feeding of [1,1- H2]-cysteamine 49a to resting cells of S. cattleya was judged

necessary to conduct a more rigorous analysis.

nh3, h2s
O

2
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2.3.4 Synthesis of [l,l-2H2]-cysteamine

The synthesis of [l,l-2h2]-cysteamine 49a was carried out according to a modification of a

previously described process.111'112 The synthetic route to 49a is outlined in Scheme 2.8

and conveniently involves [l,l-2h2]-ethanolamine 50a a compound already prepared in the

programme.

O

O-Me

NH3 CI
51

?H O D D H

riD VD
nh2
50a

SH

D

nh2

49a

iv

56a o

111

D
D

N

Me

57a

Scheme 2.8 Reagents and conditions', i, LiAl H4, THF, reflux, 3 h (73 %); ii, Ac20, 130 °C, 1 h

(84 %); iii) P4S10, 100 °C, 0.5 h, (73 %); iv, 10 M HC1, reflux, 48 h, (71 %).

• • * 9
As previously described, [1,1- Ty-ethanolamine 50a prepared for an earlier biosynthetic

feeding experiment (Section 2.3.2), was generated by the reduction of glycine methyl ester

51 with LiAl2H4. This formed the first product in this four step synthesis of [1,1-2H2]-

cysteamine 49a. The diacetyl compound 56a was formed by the addition of two

equivalents of acetic anhydride to neat [1,1- H2]-ethanolamine 50a. The addition was very

exothermic and so the acetic anhydride was added carefully. Step 3 was performed

according to the literature procedure, whereby the thiazoline compound 57a was prepared

in a one pot reaction without purification of 56a by adding phosphorus pentasulphide
• * • 9

directly after diacetylation. The yields for [5- H2]-2-methyl-2-thiazoline 57a were very

low and many side products were formed in this reaction. The generation of two
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molecules of acetic acid for each acetamide unit emerged to cause problems in the

presence of the phosphorus pentasulphide and this appeared to be responsible for the

impurities formed. It was therefore decided that for this relatively small scale preparation,

unlike the literature procedere of the isotopically labelled material, a purification of the

diacetyl compound 56a was necessary.

Accordingly, the reaction mixture after step 2 (Scheme 2.8) was basified with bicarbonate

and the acetamide extracted into chloroform. After removal of the solvent, the crude

material was purified by column chromatography to give N, 0-diacetyl-[l,1 -2H2]-

ethanolamine 56a as a clear brown oil (84 % yield). The purification proved to be an

important modification, as the 'H NMR spectrum of the crude reaction mixture, after the

treatment of A/,0-diacetyl-[l,l-2H2]-ethanolamine 56a with phosphorus pentasulfide,

showed that the thiazole 57a was the major component. The only contaminant was acetic

acid; and it was possible to purify 57a by basification with bicarbonate and extraction into

chloroform. This generated the thiazole 57a as a clear yellow oil in (73 % yield). The last

step of the synthesis involved hydrolysis of the thiazoline ring to form the corresponding

hydrochloride salt of [1,1- fy-cysteamine 49a. It was found that the hydrolysis of 57a

required very harsh conditions as the ring was almost inert to 5 M HC1 at room

temperature. Upon the addition of 10 M HC1 and heating of the reaction at 130 °C for two

days, it was possible to generate the [l,l-2H2]-cysteamine hydrochloride salt 49a (71 %).

Using conc. HC1 or heating for a longer time period did not increase the yield. Purification

of the product was carried out by extraction of the unreacted starting material into

chloroform to give the product 49a as a pale yellow solid after lyophilisation of the

neutralised aqueous layer.

65



Chapter 2

2.3.5 Feeding of [l,l-2H2]-cysteamine to resting cells of S. cattleya

In a series of control experiments, it was found that the administration of unlabelled

cysteamine 49 to resting cells at concentrations higher than 3 mM, led to the significant
•2

inhibition of fluorometabolite production (see Section 2.3.3). Accordingly, [1,1- H2]-

cysteamine 49a was incubated with resting cells of S. cattleya at 1 mM and 3 mM for 48 h.

In the event, there was no evidence by GC/MS or 19F-NMR analyses of any isotope

incorporation into either fluoroacetate 1 or 4-fluorothreonine 14.

In summary, the results show that neither L-cystine 48 nor cysteamine 49 play any role in

fluorometabolite biosynthesis in S. cattleya.

2.4 Investigations into the role of C-2 oxygen atom from glycerol in

fluorometabolite biosynthesis

The role of fluoroacetaldehyde 15 in fluorometabolite biosynthesis has been discussed in

detail in Section 2.2 and it has been shown that fluoroacetaldehyde 15 is the direct

precursor to fluoroacetate 1 contributing both carbon atoms of the molecule. Furthermore,

feeding experiments with [1-2Hj]-fluoroacetaldehyde 15a revealed that the C2 compound

15a is also involved in the biosynthesis of 4-fluorothreonine 14. When resting cells of S.
• • 9

cattleya were administered with [1- Ff]-fluoroacetaldehyde 15a, it was shown that 30 % of

the 4-fluorothreonine produced contained a single deuterium label on position C-3.113 The

results indicate that fluoroacetaldehyde 15 directly contributes C-3 and C-4 of this

fluorinated amino acid. However, these experiments do not offer information of the fate of

the oxygen atom of fluoroacetaldehyde 15. In order to shed some light on this, a feeding
• 2 18

experiment with [2- H, 2- O]-glycerol 36e was conducted to determine if the oxygen atom

of fluoroacetaldehyde 15 is retained in both fluorometabolites (Scheme 2.9).
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D OH

ho^X^OH
36e
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[1-2H, 180]-15
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[3-2H, 3-1sO]-14

Scheme 2.9 Proposed isotopic label incorporations from [2-2H, 2-l80]-glycerol 36e via

fluoroacetaldehyde 15 into fluorometabolites 1 and 14.

The deuterium isotope was introduced also at C-2 of glycerol to determine whether or not

the C(2)-H bond of glycerol is modified at some stage along the biosynthetic pathway to 4-

fluorothreonine. Additionally, the incorporation of oxygen-18 from [2-2H, 2-180]-glycerol

36e into the carboxylate group of fluoroacetate 1 or at C-3 of 4-fluorothreonine 14, would

rule out the involvement of an intermediate from amino acid metabolism, such as

ethanolamine 50 or cysteamine 49 as labelled oxygen would become liberated during

transamination to generate serine 30. Thus, the biosynthetic experiments with

ethanolamine/cysteamine 50/49 and glycerol 36 were designed to complement each other.

Together they should reveal if the metabolic branch towards fluoroacetaldehyde 15 occurs

between glycerol 36 and serine 30 or whether fluoroacetaldehyde 15 is derived from a C2

product of serine or cysteine catabolism.

2.4.1 Synthesis of [2-2H, 2-lsO]-glycerol

• 2 18 •The synthesis of [2- H, 2- 0]-glycerol 36e required the introduction of two isotopic labels

on the C-2 position of glycerol 36 preferably in an economical manner. It was decided to

introduce the oxygen-18 in an exchange reaction with H2180 with dihydroxyacetone 58
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followed by reduction of the ketone to the corresponding alcohol as outlined in Scheme

2.10.

O
. 180 D18OH

h0-AA/0H 1—* hO^A^Oh HO^^OH
58 58a 36e

Scheme 2.10 Reagents and conditions', i, H2lsO, 1 M HC1, stir, 48 h; ii, NaB2H4, MeOH

To maximise the oxygen-18 exchange, it was necessary to dehydrate dihydroxyacetone 58,

which was achieved by dissolving the compound (2 g) in water (5 ml) followed by

lyophilisation. The dehydrated dihydroxyacetone 58 was kept desiccated until needed.
1 8

Initial experiments were carried out with 10 % [ O] enriched water to monitor the

exchange reaction and to optimise the reaction conditions. When an optimal set of

conditions had been achieved, the exchange was carried out by dissolving dehydrated
1 o

dihydroxyacetone (0.5 g) under strictly dry conditions in 90 % [ O] enriched water (0.5

ml). The reaction was left to stir under an atmosphere of nitrogen for 48 h, after which

time the glycerol was prepared by the addition of dry methanol and mediation of the
• 9 . .

reduction of the carbonyl with NaB H4. Upon the addition of dilute sulfuric acid (2 ml) a

white precipitate was formed. Glycerol 36e was extracted into ethylacetate and the organic

solvent removed under reduced pressure to yield a clear colourless oil (85 %). This

2 18method proved efficient and afforded [2- H, 2- O]-glycerol 36e with a final isotope

content of 2H at 96 atom % and l80 at 64 atom % as determined by GC/MS analysis.

2.4.2 Feeding of [2-2H, 2-lsO]-glycerol to resting cells of S. cattleya

9 18 • •

[2- H, 2- 0]-Glycerol 36e was incubated with resting cells of S. cattleya for 48 h at a final

concentration of 10 mM. The experiment was carried out in triplicate and the level of
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isotope incorporation into the resultant fluorometabolites 1 and 14 was determined by

GC/MS analysis. It is clear from the M+2 intensities in the GC/MS data presented in

Tables 1.5 and 1.6 that there is a significant incorporation of oxygen-18 from [2-2Hi, 2-

l80]-glycerol 36e in both fluoroacetate 1 (1.3 - 1.7%, M+2 in Table 1.5) and 4-

fluorothreonine 14 (1.8 - 2.9%, M+2 in Table 1.6).
• 9

However, there is no evidence to suggest incorporation of the deuterium atom from [2- Hi,

2-180]-glycerol 36e into C-3 of 4-fluorothreonine 14, as there is no significant

enhancement of the M+l (2H-only) or M+3 (2H + 180) ions (Table 2.6).

Table 2.5 Isotope incorporation levels into fluoroacetate 1 after feeding [2-2H], 2-180]-
glycerol 36e to S. cattleya. The experiment was carried out in triplicate and incorporations were

determined by GC/MS analysis (n.d. not detectable).

Precursor lsO-2H-Incorporation (%)

(C-l + C-2) C-2

M+l M+2 M+3 M+l M+2

Exp. 1 [2-2H], 2-'80]-glycerol <0.5 1.3 ±0.21 n.d. <0.5 <0.5

Exp. 2 [2-2Hi, 2-l80]-glycerol <0.5 1.4 ±0.03 n.d. <0.5 <0.5

Exp. 3 [2-2H,, 2-l80]-glycerol <0.5 1.7 ±0.28 n.d. <0.5 <0.5

Table 2.6 Isotope incorporation levels into 4-fluorothreonine 14 after feeding [2-2Hi, 2-180]-
glycerol 36e to S. cattleya. The experiment was carried out in triplicate and incorporations were

determined by GC/MS analysis (n.d. not detectable).

Precursor 180-2H-Incorporation (%)

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

M+l M+2 M+l M+2 M+3

Exp. 1 [2-2H1? 2-180] glycerol <0.5 <0.5 <0.5 2.9 ±0.35 n.d.

Exp. 2 [2-2Hi, 2-180]-glycerol <0.5 <0.5 <0.5 2.1 ±0.02 n.d.

Exp. 3 [2-2H], 2-180]-glycerol <0.5 <0.5 <0.5 1.8 ±0.02 n.d.
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The data support the conclusion that the C(2)-H bond of glycerol 36 is broken at some

stage along the biosynthetic pathway to 4-fluorothreonine 14, but the oxygen at C-2 of

glycerol is retained and becomes incorporated into both the fluoroacetate 1 carboxylate

group and into the C-3 hydroxyl group of 4-fluorothreonine 14. The results reinforce the

glycolytic intermediates as potential precursors towards the fluorometabolites. The

phosphorylation of glycerol 36 and entry into the glycolytic pathway as glycerol-3-

phosphate 37, followed by further oxidation to dihydroxyacetone-phosphate 40 leading to

the loss of deuterium would satisfy these observations (Scheme 1.13).

F F NH3+
lh 14g

Scheme 2.11 Putative incorporation of oxygen-18 from isotopically labelled glycerol 36e

through glycolysis into fluorometabolites lh and 14g by hypothetical branching from

dihydroxyacetone phosphate 40 or D-glyceraldehyde-3-phosphate 41.
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As dilution studies carried out by Murphy101 (Section 1.5.7) have shown that

dihydroxyacetone phosphate 40 or D-glyceraldehyde-3-phosphate 41 are the intermediates

of the glycolytic pathway closest to the compound for fluorination it is likely that one of

these two compounds is the branch point to fluoroacetate 1 and 4-fluorothreonine 14.

2.5 Conclusions

The successful synthesis of [1- H2]-fluoroacetaldehyde 15a and subsequent feeding to

resting cells of S. cattleya resulted into the incorporation of a deuteriums at C-3 and C-4 of

4-fluorothreonine 14. Furthermore, the identification of a double label incoporation at C-3

and C-4 of the amino acid from [1,2- H2]-fluoroacetaldehyde 15b indicate that

fluoroacetaldehyde 15 is incorporated into 4-fluorothreonine 14 as an intact unit. The

results supports that fluoroacetaldehyde 15 is the common precursor in fluorometabolite

biosynthesis

The feeding experiments with [l,l-2H2]-ethanolamine 50a show no evidence for a direct

incorporation of isotope from [1,1- Fy-ethanolamine 50a into the fluorometabolites,

although there was an indirect incorporation most probably via [2-2Hi]-acetate 53a

generated in vivo. Also, the experiments with isotopically labelled [3,3,3',3'-2H4]-DL-
. 2

cystine 55a [1,1- Fy-cysteamine 49a do not support the involvement of amino acids like

serine 30 or cysteine 48, which could potentially be broken down to C2 units to act as

precursor for fluoroacetaldehyde 15 in fluorometabolite biosynthesis. However, the
• 9 18

experiments with [2- H, 2- 0]-glycerol 36e clearly show that the C-2 oxygen of glycerol

is retained and becomes incorporated into fluoroacetate 1 and 4-fluorothreonine 14,

whereas the deuterium is lost, probably during the in vivo formation of a carbonyl

intermediate such as dihydroxyacetone phosphate 40.
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The described experiments suitably complement each other as they show that glycerol is

probably metabolised via the glycolytic pathway and that compounds such as ethanolamine

50 and cysteamine 49 can be ruled out as intermediates from amino acid metabolism as the

original C-2 oxygen of glycerol 36 would clearly be lost during the transamination

reaction.
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Identification of a PLP dependent

threonine transaldolase involved in 4-

fluorothreonine biosynthesis in S.

cattleya

3.1 Pyridoxal phosphate catalysed enzyme reactions

Excess amino acids in the body cannot be stored and are therefore degraded to molecules

such as a-keto-compounds, fatty acids or glucose. There are many co-enzymes involved

in these degradations, however a major role is played by pyridoxal phosphate (PLP), which

can form a-keto-acids via Schiff base intermediates.

PLP is derived from pyridoxine, a water-soluble B6 vitamin, and can catalyse a range of

reactions but is particularly involved with those concerning a-amino acids. When no

substrate is present, the co-factor is generally attached to the enzyme via a lysine residue

forming an internal aldimine 59.114 The actual catalysis is initiated upon the addition of an

amino acid, by a trans aldimine reaction (Scheme 3.1).

Lys

(CH2)4-NH3+

RyC02
NHt

2- OaP CLP

N CH3
H 3

59

Scheme 3.1 General involvement of pyridoxal phosphate in amino acid transformations.
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Transformations of amino acids catalysed in a pyridoxal phosphate dependent process,

include transaminations, racemisations and decarboxylations at the a-carbon and

elimination and replacement reactions at the P and y carbons of amino acid substrates

(Scheme 3.2).

O

Scheme 3.2 Transformations of a-amino acids at the a-, P- and y-carbons involving pyridoxal

phosphate as co-factor.

Three main features are involved in PLP catalysis: the formation of the Schiff base, the

ability of the protonated form of PLP to act as an 'electron sink' and the hydrolysis of the

Schiff base. It is remarkable that enzymes using PLP as a co-factor can utilise the same

strategy to selectively break one of the three bonds at the a-carbon atom of an amino acid.

The governing principle, as proposed by Dunathan,115 is that the bond being broken must

be perpendicular to the 7i-orbitals of the electron sink. In this conformation, maximal

orbital overlap is achieved between the breaking a-bond and the 7r-system.116,117

NH3

decarboxylases

transaminases
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3.1.1 Reactions at the a-position of amino acids

Enzymatic transamination is the most important biochemical reaction in amino acid

metabolism. Aminotransferases catalyse the pyridoxal phosphate dependent reaction

whereby the a-amino group of an a-amino acid is transferred to an a-keto acid. This a-

keto acid is usually a-ketoglutarate, which consequently becomes glutamate during

transamination and is then recycled to a-ketoglutarate by release of an ammonium ion

(Scheme 3.3). The a-amino acid is accordingly transformed to the corresponding a-keto

acid .

Scheme 3.3 General transformation of an a-amino acid to an a-keto acid involving

a-ketoglutarate as the amino-group acceptor.

In all previous studies of transaminations catalysed by aminotransferases such as L-

aspartate-,118 L-alanine-,119 dialkylamino-120 and branched chained L-amino acid-
191

aminotransferases, the hydrogen transfer between the substrate and C-4' of the co-factor

occurs with strict stereospecificity on either the si- or re- face of the anionic intermediate.

One of the most important and widely studied aminotransferases is aspartate

aminotransferase. This enzyme catalyses these reversible transamination between a-amino

acids and a-keto acids. The preferred substrates for the reaction are L-aspartate 60 and L-

glutamate 61 and their respective keto acids, oxaloacetate 4 and a-ketoglutarate 62.

The reaction itself consists of two half reactions whereby the co-factor, pyridoxal

phosphate, is transformed to pyridoxamine phosphate (PMP) in the course of the first

reaction and PLP is then subsequently regenerated in the second half of the reaction as

outlined in Scheme 3.4.

+
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Scheme 3.4 The two half reactions catalysed by aspartate aminotransferase involving pyridoxal

phosphate (PLP) and pyridoxamine phosphate (PMP).

Aspartate aminotransferases have been isolated from eukaryotic and prokaryotic sources

and it has been shown that all active site residues present in the eukaryotic enzymes are

also present in prokaryotic systems. Genetic studies in E. coli demonstrated that deletion

of the terminal amino group of Lys258 results in the inability of the enzyme to catalyse

transamination reinforcing the role of lysine as a proton transfer agent in the active site.122

The X-ray crystal structure of Escherichia coli aspartate aminotransferase with PLP in the

active site showed the involvement two arginine residues are present. These interact with

the two carboxylate groups of L-aspartate and keep the amino acid in place.123

In summary, the mechanism for L-aspartate aminotransferase is believed to be as outlined

in Scheme 3.5. In the absence of a substrate, the Lys258 residue is bound to PLP forming

the aldimine adduct (not shown). In the presence of the amino acid substrat, Lys258 is

displaced by binding to L-aspartate (intermediate 63). The free s-amino group of Lys258

acts then as a general base and abstracts the a-hydrogen to generate the intermediate 64,

which is reprotonated at position C-4' of the co-factor. Finally, hydrolysis generates

oxaloacetate 4 and PMP 65 (first half reaction). The reaction is then completed by reverse

transamination of a-ketoglutarate to form the corresponding amino acid L-glutamate and

regenerate PLP (second half reaction).
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CO,

O3PO j — °3po y Y
65 X^-^CH3 ^ CH3

H H 3

Scheme 3.5 Mechanism of first half reaction of aspartate aminotransferase with oxaloacetate 4
as enzymatic product and formation of PMP 65 (Arg = arginine).

The second type of PLP dependent enzymes to be discussed are the racemases. For

example Gram-positive and Gram-negative bacteria require the D-isomer of alanine as an

essential building block in the synthesis of the peptidoglycan layer of cell walls.124 A key

structural unit of cell wall biosynthesis is the D-alanine dipetide, which is produced by two

enzymes. The first enzyme is a PLP dependent alanine racemase, which is reponsible for

the racemisation of L-alanine 66 to D-alanine 67. In the second step the D-alanine dipetide

is formed by a D-Ala: D-Ala-ligase. As alanine racemase is unique to bacteria and critical

for their growth, the enzyme has long been recognised as an antibacterial target and is

therefore the most widely studied racemase. Initial mechanistic information on alanine

racemase was obtained with the partially purified membrane bound alanine racemase of E.
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19c t /l 1 T*7 . .

coli B. ' ' Recent reports on the three dimensional structure of alanine racemase from
mo 19Q

Bacillus stearothermophilus and the generation ofmutants of alanine racemase show

evidence for a two-base mechanism for the racemisation of L-alanine 66 to D-alanine 67

with tyrosine (Tyr265) and lysine (Lys39) as general acid/base catalysts in the active site

(Scheme 3.6).

Enz-PLP + H3C—~i*C02
H

'ir
NH3
66

Enz-PLP + H3C—^
H
n\C02

nh3
67

70 H CH3
Scheme 3.6 Two-base mechanism for alanine racemase proposed by Sun and Toney.

129
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As shown in Scheme 3.6, the lysine residue forms an imine linkage with PLP in the free

enzyme. L-Alanine 66 replaces the Lys39 via transamination to give the aldimine

intermediate 68. The a-proton of the substrate is then abstracted by an enzymic base to

give the quinonoid intermediate 69. An enzymic acid group then donates a proton from the

opposite side to give the aldimine 70 with reversed stereochemistry at the a-position of

alanine. Sun and Toney129 proposed that for the D —> L direction Lys39 acts as a base

catalyst and Tyr265 is the corresponding acid catalyst.

Not all PLP dependent racemases employ a two-base mechanism. In other cases,

deprotonation and reprotonation is carried out by a single active site base which is able to

access both the si- and re- face of the aldimine intermediate. A one-base mechanism can be

• 2
easily identified by using the 2- H-L-amino acid as substrate for the racemase. The

generated D-amino acid should still contain the deuterium at the a-position as the

transformation is carried out by intramolecular proton (deuterium) transfer by a single

basic residue of the enzyme.

The last group of PLP dependent enzymes which shall be discussed in the context of

reactions carried out at the a-position of amino acids are the PLP dependent

decarboxylases. Decarboxylation at the a-position mainly involves aromatic amino acid

decarboxylases which are usually enzymes with broad substrate specificity, catalysing the

decarboxylation of aromatic L-amino acids like phenylalanine, tryptophan and their

hydroxylated derivatives. In mammals, the L-Dopa decarboxylase has been the focus of

much research because the enzyme is involved in several key biochemical processes.

These include the biosynthesis of the neurotransmitters serotonin, dopamine, epinephrine

and norepinephrine in the central and peripheral nervous systems of most mammalian
1^0 1 • •

species; and the synthesis of biogenic amines, which are necessary for sclerotisation of
• • 131 • • •the cuticle of insects. Deficiency in the L-Dopa decarboxylase is also responsible for

various clinical disorders, for example Parkinson's disease and hypertension in humans. In
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plant systems, the aromatic amino acid decarboxylases are important enzymes for the

biosynthesis of alkaloids and operate at an interface between primary and secondary

metabolism. Plant and mammalian aromatic amino acid decarboxylases show remarkable

similarities in subunit structure, molecular mass and amino acid identity. The

decarboxylation carried out by these enzymes follows the general mechanism outlined in

Scheme 3.7.

Enz-PLP +
H

R—^*C02
nh3

03P0

Enz-PLP
H

R E*H
nh3

03PO

N CH3
71 H 3

Enz-B

03PO

Scheme 3.7 Putative mechanism for the PLP dependent decarboxylation of L-amino acids.

Chemical modification of His residues using diethylpyrocarbonate resulted in complete

inactivation of the decarboxylase from pig kidney but did not interfere with the ability of
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I T? ...

the enzyme to bind the substrate. When the His residue in the same enzyme was

replaced by Ala, using site directed mutagenesis, the activity of the enzyme was decreased

104 fold.133 These observations support a crucial role for the His residue in catalysis but

not in substrate binding and indicate that the proton donor for the quinonoid intermediate

71 is probably a histidine residue.

3.1.2 Reactions at the (3- and y-position of amino acids

Reactions which take place at the P- and y-position of a-amino acids using PLP as co-

factor work by the same principle as those modifying the a-position. After binding of the

substrate, the subsequent formation of the aldimine adduct dramatically increases the

acidity of the amino acid a-proton. Abstraction of the proton generates a quinonoid

intermediate which is used as an electron sink for further reactions. Such reactions involve

a,p-elimination (and addition), a,y-elimination or y-decarboxylation and two well

described examples are used to illustrate the general mechanism of these reactions. The

enzyme, tryptophan synthase from E. coli, is a multienzyme complex consisting of an (X2P2

tetramer.134'135

indole-3-glycerol phosphate —-subun"—^ indole + glyceraldehyde-3-phosphate

p-subunit
indole + serine tryptophan + H20

The a-subunit catalyses the formation of indole 72 from indole-3-glycerol phosphate,

which then diffuses without being released by the enzyme through a 25 A long channel to

the active site of the p-subunit where the compound condenses with serine 30 to form
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tryptophan 73.136'137 Each active site p2 subunit contains a PLP prosthetic group

responsible for the catalytic action of the enzyme. The reaction carried out by tryptophan

synthase is thought to be an a,(3-elimination followed by a p-addition (Scheme 3.8).
138

Scheme 3.8

synthase.

B-Enz
H

HOO^C°2
. MM

73

PLP

NH

C02

3

-hT^C0*
NH

O3PO'

°3po yj

cr
NH

.OH

p jf
ch3

H

+

/^H
flYco*J

CrP
ll+
NH

r0H
N""^ch3
H

Proposed mechanism for PLP catalysed synthesis of tryptophan 73 by tryptophan

L-Serine forms a Schiff base intermediate 74 with the co-factor PLP, which is followed by

abstraction of the acidic a-proton of the aldimine adduct 74. P-Elimination of the

hydroxyl group of the quinonoid intermediate 75 gives the activated amino acrylate

compound 76, which undergoes nucleophilic attack by the indole 72. The P-replacement

reaction of the hydroxyl by the indolyl group occurs with retention of configuration as has

been shown by Floss et a/.,139'140 implying that the outgoing and incoming nucleophilic
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groups must be on the same side of the plane of the PLP-substrate Schiff base. Finally a

proton is picked up at the a-position and tryptophan 73 is released by replacing the product

with the Lys residue.

The enzymatic reactions discussed so far utilise PLP as a two electron sink but there are

also examples where PLP acts as a four electron sink. These enzymes usually perform an

elimination reaction at the P- or y-position. The enzyme methionine-y-lyase converts the

amino acid L-methionine to a-ketobutyrate 78 by cleaving the methanethiol ether moiety

of L-methionine at the y-position (Scheme 3.9).

Bo-Enz
/

Scheme 3.9 Proposed mechanism for the PLP dependent reaction ofmethionine-y-lyase.
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After binding of the substrate to PLP and formation of the Schiff base, the a-proton is

abstracted in the usual way and the pyridine ring of PLP 79 is utilised as the first electron

sink. This is then followed by a second hydrogen elimination at the P-position with the

imine of the quinoid intermediate 80 acting as the second electron sink. Subsequently, y-

elimination takes place with release of the methanethiol substituent and the bound amino

acid is reprotonated at y-position (intermediate 81) with the hydrogen, previously

abstracted from the P-position. The enamine amino acid 82 is finally released to give

ammonia and a-ketobutyrate 78 after hydrolysis.

3.2 Identification of a PLP-dependent enzyme involved in the final

step of 4-fluorothreonine biosynthesis in S. cattleya

Fluoroacetaldehyde 15 has been implicated as a common biosynthetic precursor of both

fluoroacetate 1 and 4-fluorothreonine 14 in S. cattleya (Section 2.2).113 In particular cell-

free extracts of S. cattleya had been shown to readily oxidise fluoroacetaldehyde 15 to

fluoroacetate 1 in the presence ofNAD+ by the action of an aldehyde dehydrogenase.

It has also been shown that when isotopically labelled [1-2Hi]-fluoroacetaldehyde 15a was

administered to resting cell preparations of S. cattleya, a significant level of incorporation

of deuterium at C-3 of 4-fluorothreonine 14 (30 %) was observed, indicating that

fluoroacetaldehyde 15 directly contributes to C-3 and C-4 of this amino acid (Section

113 • •

2.2). The aldehyde dehydrogenase involved in the final step of the biosynthesis of

fluoroacetate 1 has been purified to homogeneity105 and the next objective was to establish

the enzymatic route between fluoroacetaldehyde 15 and 4-fluorothreonine 14.
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Sanada et a/.,58 who first reported fluorometabolite production by S. cattleya, suggested

that fluoroacetaldehyde 15 condenses with glycine 16 to yield 4-fluorothreonine 14.
1 ^

However, in our hands labelling studies with [2- C]-glycine 16a showed no direct

incorporation of glycine into 4-fluorothreonine in whole cells of S. cattleya (Section 1.5.1

and 1.5.2).61-90 As aldolases are known to catalyse the formation of amino acids, an aldol

type transformation still appeared to offer a mechanistic rationale approach for the

transformation of fluoroacetaldehyde 15 to 4-fluorothreonine 14.

A structurally related natural product to 4-fluorothreonine is 4-chlorothreonine 83 which

has been found in two Streptomyces141 >142 and in one Pseudomonas species.143 The

halogenaled amino acid was either found as part of a larger peptide structure or on its own

as the single amino acid. Radioactive labelling studies carried out by Grgurina and

Mariotti143 have shown in feeding experiments using [14U-C]-threonine 84a, that 31 % of

the radioactivity is retained in 4-chlorothreonine 83. On the basis of these results, they

suggested that threonine 84 is the direct precursor for the biosynthesis of 4-chlorothreonine

83, a process that would involve a direct replacement of one of the C-4 hydrogens with a

chlorine atom to generate the chloromethyl group. I that case the possibility of an enzyme

mediated aldol-type reaction was not considered.

Aldolases usually require pyridoxal phosphate as co-factor, therefore a cell-free extract of

S. cattleya (910 pi) was incubated with fluoroacetaldehyde 15 (2 mM), L-threonine 84 (2

mM) and PLP (0.1 mM) overnight at 26 °C in a final volume of 1 ml. The next day the

assay mixture was analysed by 19F NMR for 4-fluorothreonine 14 production. As can be

seen in Figure 3.1, in addition to the signals for fluoroethanol 29 (tt, -223.3 ppm)* and

fluoroacetaldehyde 15 (-229.9 ppm), a doublet of triplets is apparent at approximately -

231.00 ppm.

* Due to the synthetic preparation of fluoroacetaldehyde, the aqueous fluoroacetaldehyde solution used for
feeding experiments contains fluoroethanol as a contaminant.
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The chemical shift of the new fluorine signal and the coupling constants ( J2 47 Hz, J3 25

Hz) are identical to those of 4-fluorothreonine 14. The crude cell-free extract containing

the additional organofluorine signal was lyophilised and the powder then subject to

GC/MS analysis after derivatisation with MSTFA.

The analysis showed that the cell-free extract contained a compound, which had an

identical mass spectrum to that previously derived for 4-fluorothreonine 14. From the

NMR data and the GC/MS analysis it was conducted that 4-fluorothreonine had been

generated in the assay mixture in a reaction between fluoroacetaldehyde 15 and L-

threonine 84.
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Figure 3.1 l9F NMR spectrum after incubation of fluoroacetaldehyde 15, L-threonine 84 and
PLP with cell-free extract of S. cattleya for 18 h.

Fluoroacetaldehyde 15 usually appears as a doublet of triplets at approximately -230 ppm

in a 19F NMR spectrum. However, it can be seen that there are overlapping signals in this

region (-229.9 ppm) (Figure 3.1). In Figure 3.2, the signal for fluoroacetaldehyde

(Spectrum B) is directly compared with the total signal (Spectrum A). Two signals are

present, one corresponding to fluoroacetaldehyde (black, -229.95 ppm) and the other one
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(red) belonging to an unidentified compound. This is also a doublet of triplets (-229.9

ppm) but two of the peaks are overlaid by fluoroacetaldehyde 15.

Figure 3.2 Direct comparison of 19F NMR spectra of fluoroacetaldehyde 15 (B) and the

complex signal (A) observed after incubation of cell-free extract of S. cattleya with

fluoroacetaldehyde, L-threonine and PLP.

Investigations into the origin of the second signal indicated that is was of enzymatic nature.

Unfortunately, it was not possible to isolate the molecule and proposal of a possible

structure could only be speculative. As it was clear that the compound is not on the

biosynthetic pathway of the fluorinated metabolites, further investigations focused on the

enzyme responsible for the last step of 4-fluorothreonine 14 biosynthesis in S. cattleya. As

this novel enzyme involved in fluorometabolite biosynthesis was further purified this

compound no longer appeared in the assay.

With the observation of 4-fluorothreonine 14 production by cell-free extracts of S. cattleya,

a series of control experiments were conducted. The experiments were carried out to

ensure that any enzyme activity detected was not due to low concentrations of substrate

and/or co-factor already present in the cell-free extract. Therefore, cell-free extract was

prepared by sonication using frozen cells in 50 mM potassium phosphate buffer pH 7.0
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(0.1 mg weight/ml buffer) followed by centrifugation and incubation at 26 °C for 18 h

according to the protocol described in Table 3.1.

Table 3.1 Cell-free production of 4-fluorothreonine (Exp. 1) in comparison with a series of
control experiments; no PLP added (Exp. 2), no threonine added (Exp. 3), no fluoroacetaldehyde
added (Exp. 4) and with boiled CFE (Exp. 5).

Exp.l Exp. 2 Exp. 3 Exp. 4 Exp. 5

CFE 900 pi 900 pi 900 pi 900 pi —

boiled CFE -- - - -- 900 pi

PLP [10 mM] 10 pi — 10 pi 10 pi 10 pi

l-Threonine

[40 mM]
50 pi 50 pi — 50 pi 50 pi

Fluoroacetaldehyde

[approx. 50 mM]
40 pi 40 pi 40 pi -- 40 pi

The samples were analysed the next day by 19F NMR and the production of 4-

fluorothreonine 14 was shown to be reproducible when cell-free extract of S. cattleya was

incubated with fluoroacetaldehyde 15, threonine 84 and pyridoxal phosphate (Exp. 1).

When the assay was conducted in the absence of PLP (Exp. 2), L-threonine (Exp. 3),

fluoroacetaldehyde (Exp. 4) or with boiled cell-free extract (Exp. 5), no 4-fluorothreonine

production could be detected by 19F NMR.

The results demonstrate that the synthesis of 4-fluorothreonine 14 is an enzymatic process

as boiled cell-free extract is not able to perform the biotransformation of the

organofluorine compound from fluoroacetaldehyde 15 and L-threonine 84. Furthermore,

the enzymatic reaction is strictly dependent on the co-factor pyridoxal phosphate, as no 4-

fluorothreonine 14 was detected in the absence of PLP (Exp. 2). No 4-fluorothreonine was

detected in the absence of fluoroacetaldehyde 15 (Exp. 4) or L-threonine 84 (Exp. 3),

which suggests that both compounds are substrates for the enzyme responsible for 4-
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2fluorothreonine biosynthesis. Experiments carried out with [1- H]-fluoroacetaldehyde 15a

and resting cell preparations of S. cattleya (Section 2.2), have shown that the deuterium of

fluoroacetaldehyde 15 is incorporated at position C-3 of 4-fluorothreonine 14. The

findings that cell-free extract of S. cattleya can produce 4-fluorothreonine when incubated

with fluoroacetaldehyde, L-threonine and PLP support the results obtained with resting

cells. However, to confirm the role of fluoroacetaldehyde 15 as a direct precursor in 4-

fluorothreonine biosynthesis, the cell-free extract of S. cattleya was incubated in the same

• 9

way as described above, but fluoroacetaldehyde 15 was replaced with [1- H]-

fluoroacetaldehyde 15a. The l9F NMR analysis of the cell-free extract showed that the

signal for fluorothreonine (dt) collapsed to a broad triplet (spectrum not shown) due to the

incorporation of deuterium at the C3 position of 4-fluorothreonine 14 (Scheme 3.10). The

results were supported by GC/MS analysis which showed a high single isotope

incorporation of 61 % into the (C-3 + C-4) fragment of 4-fluorothreonine.

O OH n OH

^ + CFE of S. cattleya ^S^0O2
F NH3+ PLP F NH3+
15a 84 14f 61%

Scheme 3.10 Deuterium incorporation at C3 of 4-fluorothreonine 14f (61 %) when cell-free
extract of S. cattleya was incubated with [l-2H]-fluoroacetaldehyde 15a, L-threonine 84 and PLP.

The results reinforce the postulation of an aldolase mediated reaction using

fluoroacetaldehyde 15 and L-threonine 84 to form 4-fluorothreonine 14. It was considered

that any doubts about the observed results would be removed by the use of partially

purified enzyme. Besides reducing the amount of protein (enzymes) in the CFE present, it

would also remove all low molecular weight compounds, like co-factors and possible

substrates for the suggested enzymatic reaction.
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3.2.1 Partial purification of the PLP dependent enzyme

Partial purification of the cell-free extract was started by salting out protein by the addition

of ammonium sulphate ((NFLO2SO4). Three concentrations of ammonium sulphate

saturation were used for precipitations (0-25 %, 25-45 % and 45-100 %). After addition of

the ammonium sulphate to the cell-free extract, the solution was left to stir for 20 min at

4 °C. After this time the precipitated protein was removed by centrifugation (20 000 rpm,

20 min) and the supernatant was used for the next ammonium sulphate cut. Each of the

protein pellets (0-25 %, 25-45 %, 45-100 %) was dissolved in 50 mM Tris buffer (1.5 ml,

pH 8.0) and passed through a desalting column (HiTrap™ desalting, 5ml, Amersham

Pharmacia Biotech), which was equilibrated and isocratically eluted with the same buffer.

After each desalting step, fractions 2 and 3 (1.5 ml each) were combined and tested for 4-

fluorothreonine production in the following way. Partially purified cell-free extract (900

pi) was incubated at 26 °C with L-threonine 84 (2 mM), fluoroacetaldehyde 15 (2 mM)

and PLP (0.1 mM) in a final volume of 1 ml, for 16 h. Each sample was analysed by 19F

NMR and as can be seen in Figure 3.3 only the 25-45 % preparation was able to synthesise

4-fluorothreonine 14 as indicated by the small signal (dt) at -230 ppm.

0-25 % 25-45 % 45-100%

Figure 3.3
19F NMR spectra after incubation of L-threonine 84, fluoroacetaldehyde 15 and

PLP with partially purified cell-free extract; percentages display the amount of (NH4)2S04 added to
the cell-free extract.

No similar signal was present in the other two samples. Further purification was carried

out using anion-exchange chromatography (QXL, 1 ml, Amersham Pharmacia Biotech).
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The strong anion exchange column was equilibrated with Tris buffer (50 mM, pH 8.0) and

loaded with desalted solution of 25-45 % (NFLO2SO4 saturated cell-free extract (2x 1 ml).

After each loading step, the column was washed with 10 ml of Tris buffer (50 mM, pH

8.0). Elution of the enzyme was achieved using a linear gradient over 25 ml at a flow rate

of 1 ml/min of Tris buffer (50 mM, pH 8.0) containing 1 M KC1 and the eluent was

collected in 2.5 ml fractions. The fractions were tested for 4-fluorothreonine 14 production

by incubation of the enzyme solution (900 pi) at 26 °C with L-threonine 84 (2 mM),

fluoroacetaldehyde 15 (2 mM) and PLP (0.1 mM) in a final volume of 1 ml for 16 h. After

19F NMR analysis, the active fractions were combined. The SDS PAGE of the fractions

containing the enzyme activity from the two purification steps is shown in Figure 3.4.

1 2 3

14.2 gn|

Figure 3.4 SDS page of fractions containing the enzyme activity dur ing purification. Lanes: 1,
marker proteins bovine albumin [66 kDa], egg albumin [44 kDa], glyceraldehyde-3-phosphate

dehydrogenase [36 kDa], carbonic anhydrase [29 kDa], trypsinogen [24 kDa], trypsin inhibitor [20

kDa] and a-lactalbumin [14.2 kDa]; 2, (NH4)2S04 fractionation; 3, Anion-exchange.
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3.2.2 Studies on the substrate specificity using partially purified enzyme

Three major metabolic routes are involved in threonine metabolism in microorganisms,

which are illustrated in Scheme 3.11. The most common route of L-threonine metabolism

amongst bacteria is the pathway initiated by threonine 3-dehydrogenase.1 '145 Threonine

3-dehydrogenase catalyses the NAD+ dependent oxidation of threonine 84 to 2-amino-3-

ketobutyrate 85, which is cleaved in vivo by 2-amino-3-ketobutyrate ligase to give glycine

16 and acetyl CoA in the presence ofCoA.

NADH

NAD

threonine-3-

dehydrogenase

O CoA

CO,

nh3
85

Acetyl CoA

oh

nh3
84

co2
+

threonine aldolase

serine hydroxyl-
methyltransferase

2-amino-

3-ketobutyrate ligase

CO,

\ 0

threonine

dehydratase

52
h

r
nh3

16

Nil,

CO,

5,10-methyl-THF, H20-

THF

ho

serine hydroxyl-
methyltransferase

CO,

o
78

nh3
30

Scheme 3.11 Metabolism of threonine 84 to 2-amino-3-ketobutyrate 85, 2-ketobutyrate 78 or

glycine 16 and acetaldehyde 52. Involvement of serine hydroxymethyltransferase in glycine 16

biosynthesis.

The initiation of threonine catabolism by threonine dehydratase is uncommon among

microorganisms but has been reported in species of Corynebacterium.146 The third
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category of enzymes involved in the breakdown of threonine 84 is threonine aldolase,

which was initially isolated and crystallised by Kumagai et al147 from Candida humicola.

This enzyme shows a similarity to the newly isolated PLP-dependent enzyme, which

catalyses the formation of 4-fluorothreonine 14 from L-threonine 84 and

fluoroacetaldehyde 15. The reaction catalysed by threonine aldolase is the reversible

cleavage of threonine 84 to glycine 16 and acetaldehyde 52 as outlined in Scheme 3.12.

oh o

v°-
nh3
84

Scheme 3.12 Reversible formation of threonine 84 from acetaldehyde 52 and glycine 16

catalysed by threonine aldolase and serine hydroxymethyltransferase (SHMT).

Recent studies by a Japanese group, who have purified threonine aldolase from five species

ofmicroorganism148 have shown that at least three kinds of threonine aldolase exist due to

their differences in substrate specificity: 1) enzymes highly specific for L-a//o-threonine; 2)

enzymes acting on L-isomers of threonine and a/Zo-threonine; and 3) enzymes using the D-

isomers of threonine and/or a//o-threonine. It was believed that threonine aldolase activity

was attributed to the enzyme serine hydroxymethyltransferase (SHMT), an important

enzyme involved in the metabolism of threonine 84, glycine 16 and serine 30 (Scheme

3.11). Although there is no doubt that the role of SHMT is to catalyse the reversible

transfer of C-3 of serine 30 to tetrahydrofolate (THF) to form glycine 16 and 5,10-methyl-

THF, SHMT also shows a broad range of reaction specificity. One of several enzymatic
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reactions carried out by SHMT is the PLP dependent reversible cleavage of L-threonine or

L-tf//o-threonine to glycine and acetaldehyde (Scheme 3.12).

The examples illustrate that the formation of threonine by PLP dependent enzymes always

involves the amino acid glycine 16 and acetaldehyde 52. Thus, the reaction catalysed by

the PLP dependent enzyme found in S. cattleya, using threonine 84 and fluoroacetaldehyde

15 to form 4-fluorothreonine 14 seems to be unusual. Mechanistically, the enzymatic

reactions must be similar, however it was questioned whether the enzyme found is in fact

responsible for the last step in 4-fluorothreonine biosynthesis or if it is just an PLP

dependent enzyme with broad substrate specificity, which is accepting threonine 84 as

substrate instead of glycine 16.

To test the range of reaction specificity of the new enzyme, the enzyme was partially

purified by ammonium sulphate precipitation as described in Section 3.2.1. The partially

purified enzyme was incubated with a range of different amino acids at a final

concentration of 2 mM together with fluoroacetaldehyde 15 (~ 2 mM) and PLP (0.1 mM)

at 26 °C for 18 h according to the protocol shown in Table 3.2.

Control experiments were conducted where CFE was incubated without PLP (Exp. 1),

without threonine (Exp. 3), nothing added (Exp. 4) and with boiled CFE (Exp. 11). The

analysis of the samples was carried out by 19F NMR and it could be shown that in Exp. 1,

which were incubated with the amino acid L-threonine 84, 20 % of the fluoroacetaldehyde

15 added was converted to 4-fluorothreonine 14.
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Table 3.2 Incubation of partially purified enzyme with a range of amino acids (2 mM),

fluoroacetaldehyde (~ 2 mM) and PLP (0.1 mM) to test the substrate specificity of the new

enzyme. Numbers given in the table represent volumes in pi. All experiments were carried out in
doublets.

Exp.
1

Exp.
2

Exp.
3

Exp.
4

Exp.
5

Exp.
6

Exp.
7

Exp.
8

Exp.
9

Exp.
10

Exp.
11

*

CFE 900 900 900 900 900 900 900 900 900 900

boiled CFE 900

PLP

[10 mM]
10 10 10 10 10 10 10 10 10

F1uoroacetaldehyde
[~ 50 mM]

40 40 40 40 40 40 40 40 40 40

L-Threonine

[40 mM]
50 50 50

L-a//o-threonine

[40 mM]
50

L-Glycine
[40 mM]

50

L-Alanine

[40 mM]
50

L-Serine

[40 mM]
50

L-Aspartate
[40 mM]

50

L-Cysteine
[40 mM]

50

Tris buffer

[50 mM, pH 8]
10 50 100

4-Fluorothreonine

production
YES NO NO NO NO NO NO NO NO NO NO

CFE was partially purified by ammonium su phate precipitation.

No 4-fluorothreonine 14 was detectable in the CFE alone (Exp. 4) or when L-threonine 84,

fluoroacetaldehyde 15 and PLP were incubated with boiled CFE. Clearly, the results show

that the formation of 4-fluorothreonine is enzymatic and is repeatable with partially
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purified cell-free extract. There were also small but detectable amounts (3-5%) of 4-

fluorothreonine 14 present in all the other samples (Exp. 5 - Exp. 10), which were

incubated with amino acids other than threonine. However, as the control experiment

(Exp. 3), which did not contain any L-threonine, showed a similar concentration of 4-

fluorothreonine, it was clear that the synthesis of the fluorinated amino acid must be due to

low level background activity. Since all the experiments were carried out with partially

purified cell-free extract, it is likely that proteases at this crude stage of the purification are

still present. Degradation of protein could therefore lead to the accumulation of small

amounts of L-threonine which would account for the in situ production of 4-

fluorothreonine.

The results show that the production of 4-fluorothreonine 14 is only observable when L-

threonine 84 is used as a substrate and none of the other amino acids is accepted as

substrate by the enzyme. Most importantly, glycine or L-a//o-threonine did not stimulate

the formation of 4-fluorothreonine 14. As discussed earlier, threonine aldolase or serine

hydroxymethyltransferase utilise glycine 16 and acetaldehyde 52 to make L-threonine 84.

The inability of the new enzyme to use glycine 16 in the formation of 4-fluorothreonine 14

suggests that this enzyme must be distinct from the other two. This key observation is also
1 T

consistent with the findings of whole cell studies with [2- C]-glycine 16a, which showed

that glycine does not contribute directly to 4-fluorothreonine biosynthesis (Section 1.2.2).60

Furthermore, the fact that even the diastereoisomer L-a//o-threonine is not accepted as

substrate by the enzyme accounts for a high substrate specificity of the enzyme and

demonstrates that L-threonine 84 is the preferred substrate.

In conclusion, the experiments have shown that the enzyme found is involved in the last

step of 4-fluorothreonine biosynthesis in S. cattleya and produces the fluorinated secondary

metabolite in a PLP dependent process by transforming fluoroacetaldehyde 15 and L-

threonine 84 to 4-fluorothreonine 14, most likely involving the release of acetaldehyde 52.
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The requirement for PLP and L-threonine suggests that the enzyme shows a novel

threonine transaldolase activity which is mechanistically distinct to other PLP dependent

enzymes involved in amino acid metabolism.

3.2.3 Effect of culture age on threonine transaldolase activity

In living organisms, chemical compounds are biosynthesised in a series of chemical

reactions, each catalysed by an enzyme. These processes are collectively called

metabolism. There are certain metabolic pathways similar in all organisms, which produce

essential metabolites such as sugars, amino acids, fatty acids and nucleic acids. These kind

of processes are referred to as primary metabolism as the compounds produced are

universal and essential for the survival and well-being of the organism and accordingly are

called primary metabolites. Besides the primary metabolic pathways, branch pathways

exist that produce chemical compounds often particular to a given organism. These are

secondary metabolites and the pathways of biosynthesis constitute secondary metabolism.

Secondary metabolites are distinct from primary metabolites as they have a restricted

distribution and are often characteristic of individual genera, species or strains. However,

the two pathways are interconnected, since secondary metabolites are formed along

specialised pathways from primary metabolites.

Most secondary metabolites are found in plants or microorganisms and are only produced

within a certain period of the growth phase in batch cultures. A typical growth curve of a

bacterial culture is shown in Figure 3.5 and is divided into the main growing phases of the

microorganism: Lag phase, Log phase (or Tropophase) and Stationary phase (or

Idiophase).
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Figure 3.5 Typical growth curve of a bacterial culture in a nutrient rich medium.

In the Lag phase, bacterial growth is minimal as the culture adapts to the medium and

expresses the necessary enzymes for primary metabolism. This is followed by the Log

phase where growth is exponential and all primary metabolic pathways work at their

highest productivity to ensure maximum growth. When the bacterium runs out of essential

nutrients and/or carbon source, growth rate decelerates and the culture reaches the end of

the Log phase. This is usually the point when the expression of enzymes belonging to

pathways of secondary metabolism commences and the microorganism enters the

Stationary phase of its life cycle where no further growth is detected (Figure 3.5).

Secondary metabolites such as antibiotics, alkaloids or terpenes are only produced during

this period of growth.

The two fluorinated compounds fluoroacetate and 4-flurothreonine, produced by S.

cattleya cannot be detected before day 6 in the culture medium of the bacterium,ref which

clearly indicates that they are secondary metabolites, as the maximum growth of the

bacterium is reached after 4 days (Chapter 1, Figure 1.3). If the threonine transaldolase is

exclusively responsible for the synthesis of 4-fluorothreonine, it should not have any

particular function in primary metabolism and the activity of the enzymes should not be

detectable during the exponential growth phase (Log phase) of the bacterium. Instead,
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expression of the enzyme should start at the end of the Log phase when secondary

metabolic pathways are induced.

A time course experiment was conducted, where 2 shaking flasks were harvested on each

subsequent day after inoculation with seed culture of S. cattleya over a time period of 9

days. The growth of the bacterial cultures was followed by measuring the optical density

(OD) at 600 nm. The activity of the enzyme was analysed by resuspending wet cells of S.

cattleya in Tris buffer (50 mM, pH 8) (0.1 g wet cells/ ml buffer) followed by sonication

and centrifugation. The clear supernatant was incubated with L-threonine 84 (2 mM),

fluoroacetaldehyde 15 (2 mM) and PLP (0.1 mM) at 26 °C for 16 h. The samples were

then analysed by 19F NMR and the enzymatic conversion of fluoroacetaldehyde 15 to 4-

fluorothreonine 14 was directly measured by the integrals in the resultant 19F NMR

spectrum. The results of the study are presented in Figure 3.6 where the resulting growth

curve is directly compared with the threonine transaldolase activity in the cells.
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Figure 3.6 Growth curve of S. cattleya [■] over 9 days in comparison to threonin
transaldolase activity [•] measured as % of conversion from fluoroacetaldehyde to 4
fluorothreonine.

The shape of the growth curve is similar to the typical growth curve of a bacterial culture

shown in Figure 3.5, although a distinct Lag phase is not apparent. This is probably due to
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the use of the same medium for starter and batch cultures which means that the adoption to

new culture conditions is not necessary and all the enzymes for primary metabolism are

already expressed. Maximum growth is observed at day 5 and gradually declines after this

time. No activity of the threonine transaldolase is detected prior to the growth maximum at

day 5 and maximum activity of the enzyme is observed after 6 days. Since S. cattleya is

already in its stationary growth phase at day 6, the results indicate that the threonine

transaldolase is only expressed during secondary metabolism and does not have any

function in primary metabolism.

Similar results were found by Murphy et a/105 who compared the enzyme activity of the

fluoroacetaldehyde dehydrogenase activity, which is responsible for the last step in

fluoroacetate biosynthesis, to cell growth. As the aldehyde dehydrogenase and the

threonine transaldolase use fluoroacetaldehyde 15 as substrate, it is most likely that those

enzymes are expressed at almost the same time. Murphy and co-workers105 showed that no

fluoroacetaldehyde dehydrogenase activity was detected until day 4, just before the growth

maximum, and that activity peaked at day 7 during the stationary phase of S. cattleya.

These observations are consistent with both enzymes belonging to a pathway of secondary

metabolism, with their expression coinciding with the onset of fluorometabolite

biosynthesis.

3.2.4 Mechanistic studies on the threonine transaldolase enzyme

The enzymatic synthesis of 4-fluorothreonine 14 from fluoroacetaldehyde 15 and L-

threonine 84 in a PLP dependent reaction, suggests a rather unusual mechanism for the

formation of the fluorinated amino acid. A common feature of PLP catalysed reactions is

the formation of the Schiff base with the substrate followed by reaction at the a-,P- or y-
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position of the amino acid using the co-factor as an electron sink. In the case of the

threonine transaldolase, it is most likely that L-threonine 84 undergoes a,P-elimination,

followed by a-addition. A hypothetical mechanism is illustrated in Scheme 3.13.

'OaP

OH

14

C02

NH+3 84

Lys
s/v\A|uvxr
(CH2)4-NH3+

B-Enz

03P0

N ^CH3
H 4

Scheme 3.13 Proposed PLP catalysed mechanism for the enzymatic formation of 4-
fluorothreonine 14 from fluoroacetaldehyde 15 and L-threonine 14 by threonine transaldolase.

The process is probably initiated by displacement of a lysine residue, bound to the co-

factor 86 by addition of the amino acid L-threonine. Abstraction of the hydroxyl hydrogen
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leads to cleavage of the bond between the a- and (3-carbon and the formation of

acetaldehyde 52. Fluoroacetaldehyde 15 then undergoes nucleophilic attack by the

activated quinonoid intermediate 87. As the reaction occurs with retention of

configuration, the nucleophilic attack probably takes place from the si- face. Finally, 4-

fluorothreonine 14 is released from the enzyme by regeneration of the internal aldimine

product 88 with a lysine residue in the active side of the enzyme.

In order to carry out some mechanistic investigations on the PLP-transaldolase, it was

decided to purify the enzyme by ammonium sulphate precipitation and anion exchange

chromatography as described in Section 3.2.1. In previous experiments it had been found

that even partially purified cell-free extract from ammonium sulphate precipitation showed

3-5 % background activity and therefore enzyme which has undergone further purification

should clearly generate more reliable data.

3.2.4.1 Mechanistic investigations using [l,2,2,2-2H4]-acetaldehyde

Although the novel threonine transaldolase is distinct from threonine aldolase, it is likely

that the two enzymes are closely related to each other, as enzymes of secondary

metabolism often evolve from enzymes of primary metabolism. Threonine aldolases are

very specific in terms of the amino acid they use as a substrate but they usually show a

broad substrate specificity towards the aldehyde. Therefore, an experiment to study the

mechanism of the novel transaldolase reaction was conducted by the replacement of
# j

fluoroacetaldehyde 15 with [1,2,2,2- H4]-acetaldehyde 55b. According to the proposed

mechanism in Scheme 3.13, incubation of partially purified threonine transaldolase with L-

threonine 84 and [1,2,2,2- H4]-acetaldehyde 52b in the presence of PLP should generate

[3,4,4,4-2H4]-L-threonine 84b as illustrated in Scheme 3.14.
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O OH OH

D. JC , /k XO U + o°^K.colxr D + PLP ■ X + UX^Y^2D I } + threonine ^ W D I A +D NH3 transaldolase D NH3
52b 84 52 84b

Scheme 3.14 Proposed formation of [3,4,4,4-2H4]-L-threonine 84b when partially purified

enzyme is incubated with L-threonine 84 and [ 1,2,2,2-2H4]-acetaldehyde 52b in the presence of
PLP.

The experiment was carried out in combination with of a set of control experiments

according to the protocol shown in Table 3.3. Each sample was incubated at 26 °C for a

time period of 16 h.

Table3.3 Incubation of partially purified cell-free extract with [l,2,2,2-2H4]-acetaldehyde
52b, l-threonine 84 and PLP (Exp. 2) in combination with a set of control experiments.

Exp. 1 Exp. 2 Exp. 3
*

CFE 900 pi 900 pi 900 pi

PLP

[10 mM]
10 pi 10 pi 10 pi

F1uoroacetaldehyde
[~ 50 mM]

40 pi

l-Threonine

[40 mM]
50 pi 50 pi

[1,2,2,2-2H4]-Acetaldehyde
[50 mM]

40 pi 40 pi

Glycine
[40 mM]

50 pi

4-Fluorothreonine

production
YES NO NO

* CFE was partially purified by ammonium sulphate precipitation and anion
exchange chromatography
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Control experiment 1 was incubated with fluoroacetaldehyde 15 (2 mM), L-threonine 84 (2

mM) and PLP (0.1 mM) to ensure that the partially purified cell-free extract retained the

threonine transaldolase activity. Experiment 2 involved replacing fluoroacetaldehyde 15

with [l,2,2,2-2H4]-acetaldehyde 52b (2mM); and experiment 3 was incubated with glycine

16 (2mM), PLP (0.1 mM) and [l,2,2,2-2H4]-acetaldehyde 52b (2mM) to test the results

previously obtained.

Experiment 1 was analysed by 19F NMR and showed strong signal for 4-fluorothreonine

14, indicating that the assay mixture was in good condition. The other two samples

(experiment 2 and 3) were lyophilised and then derivatised with MSTFA followed by

GC/MS analysis. The GC/MS was operated in SIM (EI) mode and ion currents m/z 320

[M], 321 [M+l], 322 [M+2], 323 [M+3], 324 [M+4] and 117 [M], 118 [M+l], 119 [M+2],

120 [M+3], 121 [M+4] were monitored for incorporation of H into threonine. The

detected ion at mass 320 corresponds to the loss of a methyl group from the parent

molecule. The other fragment with the mass 117 was chosen as it directly corresponds to

the loss of the C3-C4 fragment of threonine as illustrated in Figure 3.7.

TMS

O O

NH

TMS

Figure 3.7 Loss of ion fragment 117 from trimethylsilyl derivative of threonine (MW 335).

The GC/MS analysis revealed a 22 % incorporation [M+4] of isotope into the threonine

pool. No labelled threonine was detected in control experiments 3 confirming previous the

result that glycine is not a substrate for this enzyme. The results of the GC/MS analysis for

experiment 2 are summarised in Table 3.4.
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Table 3.4 GC/MS determined isotope incorporations into L-threonine after incubation of

partially purified cell-free extract with L-threonine 84, [ 1,2,2,2-2H4]-acetaldehyde 52b and PLP.

Ion, (carbon skeleton)
2 ^
H-Incorporation (%)

M M+l M+2 M+3 M+4

117-121, (C-3 + C-4) 74.7 ±0.8 2.0 ± 0.07 <0.5 <0.5 22.2 ± 0.7

320-324, (C-l - C-4) 75.0 ±0.5 0.9 ± 0.03 <0.5 <0.5 23.2 ±0.5

* Data presented is the average of the analysis of duplicates and mean of three injections each.

From the data presented in Table 3.4, it is clear that all four deuterium atoms of [1,2,2,2-

2H4]-acetaldehyde 52b are incorporated into L-threonine 84 and that the isotopic label

found can only reside at positions C-3 and C-4. This is due to the fact that detected ions at

mass 121 [M+4], representing incorporations of four deteriums at the C3-C4 fragment of

threonine, and 324 [M+4] representing the C1-C4 fragment (loss of methyl group from

parent molecule) of threonine, show identical levels of incorporations and therefore any

label into positions C-l and C-2 can be ruled out.

The formation of [3,4,4,4- H4]-L-threonine 84b by partially purified cell-free extracts

proves that the enzyme accepts acetaldehyde as a substrate and can generate a new

molecule of L-threonine in a neutral crossover reaction as shown in Scheme 3.14. The

proposed, minimal mechanism (Scheme 3.13) for the formation of 4-fluorothreonine 14

from fluoroacetaldehyde 15 and threonine 84 seems to be correct from the results obtained.

2
3.2.4.2 Mechanistic investigations using DL-[4,4,4- Hy-threonine

A further investigations into the origin of the C1-C2 unit of 4-fluorothreonine was carried

out using [4,4,4- Hy-DL-threonine 84c. The labelled amino acid was synthesised by a

former PhD student (Dr. M.R. Amin)87 using a modification of Seebach's149 method. The
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2
level of deuterium incorporation into [4,4,4- H3]-DL-threonine 84c was re-evaluated by

GC/MS analysis of the trimethylsilyl derivative and found to be 86 % for the d3-threonine.

A small impurity (7 %) of d2-threonine was also present. According to the developing

hypothesis, the deuterated L-threonine should bind to the PLP-enzyme complex and the

bond between the a- and [3-carbons cleaved to produce [2,2,2- py-acetaldehyde 52c as

shown in Scheme 3.15.

O OH o OH"

H + vVc°2 PLP +
° « r.tLe Ff NH,

15 84c 52c 14

Scheme 3.15 Proposed formation of [2,2,2-2H3]-acetaldehyde 52c when partially purified

enzyme is incubated with [4,4,4-2H3]-DL-threonine 84c and fluoroacetaldehyde 15 and in the

presence of PLP

A method for the detection of the deuterated acetaldehyde in the assay mixture was

required. It was decided to oxidise any acetaldehyde present in the protein cocktail to the

corresponding acetate upon the addition of an aldehyde dehydrogenase. Acetate is then

analysed by GC/MS, as the phenylphenacyl acetate 89 derivative adopting a method

previously used for fluoroacetate analysis. The overall protocol is outlined in Scheme

3.16.

In the first step, the in vitro generated acetaldehyde 52 is enzymatically converted to

acetate 53 using a commercially available yeast aldehyde dehydrogenase. As the resultant

acetate salt non volatile, the assay mixture can be safely lyophilised, followed by

derivatisation to para phenylphenacyl acetate 89 using para phenylphenacyl bromide 46,

which is finally analysed by GC/MS.
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GC/MS analysis

Scheme 3.16 Method developed to determine isotopic label incorporation into acetaldehyde

involving enzymatic oxidation of acetaldehyde 52 to acetate 53, followed by derivatisation to para

phenylphenacyl acetate 89 using para phenylphenacyl bromide 46.

Partially purified cell-free extract was prepared by ammonium sulphate precipitation and

anion exchange chromatography as described in Section 3.2.1. The experiment was

conducted according to the protocol described in Table 3.5 and samples were incubated at

26 °C for 18h.

Table 3.5 Incubation of partially purified cell-free extract of S. cattleya with

fluoroacetaldehyde 15 and [4,4,4-2H3]-DL-threonine 84c in the presence of PLP.

Exp. 1 Exp. 2 Exp. 3
*

CFE 900 pi 900 pi 900 pi

PLP

[10 mM]
10 pi 10 pi 10 pi

L-Threonine

[40 mM]
40 pi

Fluoroacetaldehyde
[~ 50 mM]

50 pi 50 pi

[4,4,4-2H3]-DL-Threonine
[40 mM]

40 pi 40 pi

* CFE was partially purified by ammonium sulphate precipitation and anion exchange
chromatography.
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Experiment 1 was supplemented with fluoroacetaldehyde 15 (2 mM), L-threonine 84 (2

mM) and PLP (0.1 mM) to ensure that the assay mixture used in the experiment is capable

of generating 4-fluorothreonine 14 under standard conditions. 19F NMR analysis confirmed

the production of 4-fluorothreonine 14.

After incubation of experiment 2 and 3 under conditions described above, an aqueous

solution of yeast aldehyde dehydrogenase (5 pi, 0.125 units) and NAD+ (2 mM) was

added. This procedure was repeated after 30 min and the mixture left for 60 min to ensure

that the acetaldehyde 52 present in the cell-free extract was completely converted to

acetate 53. The samples were then frozen and lyophilised overnight, followed by

derivatisation at 75 °C for 18 h using para phenylphenacyl bromide.61 Final analysis of

the samples was carried out by GC/MS with the mass spectrometer operated in SIM (EI)

mode and ion currents m/z 254 [M], 255 [M+l], 256 [M+2] and 257 [M+3] were

monitored for incorporation of 2H into acetate 53. The monitored ion 254 represents the

mass of the non-labelled derivative, para phenylphenacyl acetate 89. As can be seen in

Table 3.6 the analysis of experiment 3 with no fluoroacetaldehyde 15 added showed a

small amount (ca. 6 %) of labelled acetate [M+3] indicating that some of the [4,4,4- H3]-

DL-threonine 84c is cleaved in the absence of added aldehyde.

Table 3.6 GC/MS determined deuterium incorporations into acetate after incubation of

partially purified cell-free extract with fluoroacetaldehyde 15, [4,4,4-2H3]-DL-threonine 84c and
PLP (Exp. 2) and in the absence of fluoroacetaldehyde 15 (Exp. 3).

Samples
2 *
H-Incorporation (%)

M M+l M+2 M+3

Exp. 2 55.9 + 4.1 nd 2.610.6 41.5 + 3.5

Exp. 3 93.5 ±2.7 nd nd 6.5 ±2.7

* Data presented is the average of the analysis of duplicates and mean of three injections each,
nd = not detectable
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However, the results of the analysis of experiment 2, when partially purified cell-free

extract was incubated with fluoroacetaldehyde 15, [4,4,4- H3]-DL-threonine 84c and PLP

revealed a 40 % isotope incorporation [M+3] into the resultant acetate (Table 3.6). The

small incorporation of two deuterium atoms (2.6 %) into the pool of acetate, detected in the

same experiment, is consistent with the cleavage of [4,4-2H2]-DL-threonine, which was

found to be a 7 % contamination in the sample of [4,4,4- H3]-DL-threonine 84c.
• 2The high level of isotope incorporation into acetate 53 from [4,4,4- H3]-DL-threonine 84c

supports the results which were obtained with [1,2,2,2- H4]-acetaldehyde 52b (Section

3.2.4.1). Both experiments complement each other as they undoubtedly show that L-

threonine 84 is the substrate of the enzymatic reaction and the bond between the C2-C3

carbon of the amino acid is cleaved leading to the formation of acetaldehyde 52. The

remaining C1-C2 unit on the enzyme reacts then with another aldehyde, which generates in

the case of fluoroacetaldehyde 15 the fluorinated amino acid 4-fluorothreonine 14. These

experiments all support the minimal mechanism for the formation of 4-fluorothreonine as

outlined in Scheme 3.13.

3.2.5 Enzymatic synthesis of 4-chlorothreonine by threonine transaldolase

Both fluoroacetaldhyde 15 and acetaldehyde 52 are substrates accepted by the threonine

transaldolase. It appeared therefore appropriate to explore chloroacetaldehyde 90 as a

subtrate in order to generate 4-chlorothreonine 83 using the transaldolase (Scheme 3.17).

As already mentioned, 4-chlorothreonine 83 is a natural product of several bacteria, which

biosynthesise the unusual metabolite either as a free amino acid142 or as part of a larger

peptide structure.141'143 However, the formation of the chlorinated amino acid is still

unclear.
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O OH OH
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90 84 52 83

Scheme 3.17 Proposed formation of 4-chlorothreonine 83 when partially purified enzyme is
incubated with L-threonine 84 and chloroacetaldehyde 90 in the presence of PLP.

Accordingly, cell-free extract of S. cattleya was partially purified by ammonium sulphate

precipitation and anion exchange chromatography and 900 pi of the aqueous solution was

supplemented with chloroacetaldehyde 90 (2 mM), L-threonine 84 (2 mM) and PLP (0.1

mM) to a final volume of 1 ml. Control experiments were conducted with boiled cell-free

extract and without PLP. The samples were incubated at 26 °C for 18 h after which the

protein extract was frozen and lyophilised. The resulting powder was derivatised by the

addition of MSTFA (250 pi) and heating at 100 °C for 1 h. Analysis of the derivatised

samples was carried out by GC/MS and the mass spectrometer was operated in scan mode

for the identification of 4-chlorothreonine 83. Following from the fragmentation pattern of

4-fluorothreonine 14 it was anticipated that two major fragments should be generated, due

to breaking bonds between C1-C2 and C2-C3 as illustrated in the inset of Figure 3.8. The

resultant mass spectrum obtained after GC/MS analysis of the chloroacetaldehyde

experiment is shown in Figure 3.8 and is clearly consistent with anticipated fragmentation.

The mass spectrum exhibits the m/z 218 ion typical of an a-amino acid, and ions at m/z

252 and 254 which indicate the loss of COOSi(Me)3 from a silyl derivative of a compound

of the same molecular mass as 4-chlorothreonine 83. Strong evidence for the presence of

4-chlorothreonine 83 after incubation of the assay mixture with chloroacetaldehyde 90 is

the chlorine isotope ratio of 1:3 of the ion fragment m/z 252 and 254, which is expected for

compounds containing a chlorine atom. Unfortunately a reference sample of the

chlorinated amino acid was not available to permit a definite identification. However, the
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fact that the chlorinated compound detected was of an enzymatic nature and the mass

spectrum of this compound shows high similarity to the mass spectrum recorded for the

silyl derivative of 4-fluorothreonine 14 (Figure 3.9), strongly supports the presence of 4-

chlorothreonine 90.

218

m/z—>

Figure 3.8 Mass spectrum of the trimethylsilyl derivative of 4-chlorothreonine. Ion fragment
m/z 218 is from C-l+C-2 of the amino acid; ion fragments m/z 252 and 254 are a result of a loss of

COOSi(Me)3 (see inset).

It is possible that an enzyme similar to the described threonine transaldolase catalyses the

formation of 4-chlorothreonine 83 in other microorganisms. This would be consistent with

the observation made by Grgurina and Mariotti143 that upon feeding of radiolabeled [U-

14C]-L-threonine 84a to cultures of Pseudomonas syringae, 31 % of the radioactivity was

retained in 4-chlorothreonine. Clearly, the threonine transaldolase plays an important role

in the biosynthesis of 4-fluorothreonine 14 but the possibility of a related enzyme of
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metabolic significance in 4-chlorothreonine 83 biosynthesis is raised. The in vitro

production of 4-chlorothreonine 83 has not been reported and this work offers the first

evidence for a mechanism for the biosynthesis of the chlorinated amino acid.

Abundance

450000

400000

350000

300000

250000

200000

150000

100000

50000

218

73

45

.1,1 JIJii,

147

100

164

vsiE

236

31O 338

2612 7C?90 355
I I I

26 40 60 86 100 120 140 160 180 200 220 240 260 280 300 320 340

m/z—>

Figure 3.9 Mass spectrum of the trimethylsilyl derivative of 4-fluorothreonine. Ion fragment
m/z 218 is from C-l+C-2 of the amino acid; ion fragment m/z 236 is the result of a loss of

COOSi(Me)3 (see inset).

3.3 Conclusions

The identification of a threonine transaldolase in S. cattleya is the second enzyme to be

found on the biosynthesis of the fluorinated metabolites fluoroacetate 1 and 4-

fluorothreonine 14. The enzyme catalyses the formation of 4-fluorothreonine 14 from

fluoroacetaldehyde 15 and L-threonine 84 in a PLP dependent process. Investigations into
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the mechanism of the transaldolase have been carried out using isotopically labelled
■j

substrates. Substituting fluoroacetaldehyde with [1,2,2,2- H4]-acetaldehyde 52b led to the

formation of [3,4,4,4- H4]-L-threonine 84b as determined by GC/MS analysis. When

[4,4,4-2H3]-DL-threonine 84c was used as a substrate, GC/MS analysis revealed that 40 %

of the acetaldehyde generated contained three deuterium atoms. The experiments show

that the substrate, L-threonine 84, is enzymatically cleaved with the release of acetaldehyde

52, which is then replaced by fluoroacetaldehyde 15 to form 4-fluorothreonine 14 as shown

in the minimal mechanism proposed in Scheme 3.13. Other enzymes involved in the

biosynthesis of L-threonine 84 are threonine aldolase and serine hydroxymethyltransferase.

Both enzymes catalyse the reverse synthesis of threonine 84 from glycine 16 and

acetaldehyde 52. Several control experiments with crude and partially purified cell-free

extract of S. cattleya have shown that the threonine transaldolase is distinct from those two

enzymes as glycine 16 is not used as a substrate and only L-threonine 84 is accepted.

Finally, it has been shown that the enzyme also converts chloroacetaldehyde 90 into 4-

chlorothreonine 83, highlighting a possible mode of biosynthesis of this metabolite in other

microorganisms.
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Jk Fluorometabolite production in cell-free
■ extract of S. cattleya

The results described in this chapter discuss the identification of a fluorination enzyme

from S. cattleya. The enzyme catalyses C-F bond formation using S-adenosyl-L-

methionine 91 (SAM) and fluoride ion. Therefore, a short overview on biochemical

processes involving SAM is given below.

4.1 Biochemistry ofS-adenosyl-L-methionine

S-Adenosyl-L-methionine 91 (SAM) was first discovered by Cantoni150 in 1953 and is,

with 5-methyltetrahydrofolate, methylcobalamine and betaine, one of the most widely used

methyl group donors in biological systems. The formation of SAM is catalysed by S-

adenosyl-L-methionine synthase (methionine-S'-adenosyltransferase) by the transfer of an

adenosyl group from adenosine triphosphate 92 (ATP) to the sulphur atom of methionine

93. The synthesis of SAM 91 is rather unusual in that the complete triphosphate chain is

cleaved from ATP 92 as SAM 91 is formed, and the triphosphate is subsequently

hydrolysed to pyrophosphate (PPj) and orthophosphate (Pj) before the sulphonium product

(SAM) is released (Scheme 4.1). Thus, the enzyme must catalyse reactions at both ends of

the triphosphate chain, which appears to be a unique property. Investigations into the

stereochemical course of the reaction have shown that the nucleophilic sulphur of

methionine 93 directly attacks the C5' carbon ofATP 92 in an Sn2 type reaction. 151>152
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Scheme 4.1 Enzymatic formation of .S-adenosyl-L-methionine (SAM) 91 by SAM synthase
from adenosine triphosphate (ATP) 92 and methionine 93.

4.1.1 A-Adenosyl-L-methionine dependent methylation reactions

Methylation reactions involving SAM 91 are carried out by SAM-dependent

methyltransferases, which can transfer the methyl group bound to the charged sulphur

atom to a broad range of methyl acceptors. In the course of the transfer of the methyl

group to an acceptor, SAM 91 is converted to S-adenosylhomocysteine 94, which is

subsequently hydrolysed to homocysteine 47 and adenosine 95 (Scheme 4.2), catalysed by

adenosylhomocysteine hydrolase. Methionine 93 can then be regenerated by another
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methyl transfer reaction where the methyl group from 5-methyltetrahydrofolate is

transferred to homocysteine 47, generating methionine. To complete the SAM cycle, the

generated methionine forms a new molecule of SAM 91 by recombination with ATP 92.

These reactions constitute the activated methyl cycle which is outlined in Scheme 4.2.

Since the methyl group to be transferred is bound to the positively charged sulphur,

making it a very good leaving group, it can be attacked by nitrogen, oxygen and sulphur

nucleophiles. Even attack by activated carbon is possible. Methylation reactions carried

out in such a way, mediated by SAM 91 dependent methyltransferases, can act on a wide

variety of molecules and are increasingly being recognised as significant control factors in

the regulation of a variety of cellular functions. Methylation of nucleic acids is known to

have regulatory effects on DNA replication and transcription (e.g. Cheng et al.153 or

Labahn et al.154) and RNA translation (e.g. Hodel et al}55 or Yu et al}56). Protein

methylation is involved in the regulation of a variety of metabolic processes such as
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bacterial chemotaxis {e.g. Koshland157 or Djordjevic and Stock158). SAM is also

implicated in the methylation of a range of small biomolecules like catechol159 and

glycine.160 Since 1993, up to twenty of these enzymes have been structurally characterised

either from prokaryotic or eukaryotic sources and all of them show the same core structure

in the SAM binding sites, suggesting that methyltransferases in general have a common

structure at the active site.161 The high degree of structural identity is not necessary

reflected in the sequence conservation as the sequence homology between

methyltransferases is very poor and only three domains are highly conserved among these

enzymes.161

4.1.2 A-Adenosyl-L-methionine reactions other than methylation

SAM 91 does not only serve as a methyl donor. The decarboxylated form of SAM 96 is

the precursor of the polyamines spermidine 97 and spermine, which are widely distributed

in nature. These polyamines can bind selectively to nucleic acids and have been shown to

play a role in cell proliferation. Formation of the polyamines is carried out by transfer

of the aminopropyl group of decarboxylated SAM 96 to 1,4-diaminobutane (putrescine) 98
• 163

by the action of spermidine synthase as shown in Scheme 4.3.

H,N.
98NH2

nh3 h

^rn JAM- ^Ado2 decarboxylase I \
CH3 91 CH3 % AdoSMe 97

Scheme 4.3 Biosynthesis of spermidine 97 from 1,4-diaminobutane 98 and decarboxylated
SAM 97 catalysed by spermidine synthase.
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The P-lactam antibiotic nocardicin A 99 is biosynthesised in a similar way by the

actinomycete Nocardia uniformis. The natural product is generated by 3-amino-3-

carboxypropyltransferase which catalyses the biosynthetic transfer of the 3-amino-3-

carboxylpropyl moiety from SAM 91 by nucleophilic Sn2 displacement to the phenolic site

in the p-lactam substrate nocardicin E 100 (Scheme 4.4).164

99 C02H

Scheme 4.4 Proposed mechanism for 3-amino-3-carboxypropyltransferase in Nocardia

uniformis for the biosynthesis of nocardicin A 99.

Another well-known example of a SAM dependent enzyme reaction is the synthesis of

ethylene 25, a gaseous plant hormone, which induces the ripening of fruit. During

ethylene biosynthesis, SAM 91 is converted to 1-aminocyclopropane-l-carboxylate 101

(ACC) by ACC synthase in a PLP dependent process. ACC 101 is then finally oxidised to

ethylene 25 by ACC oxidase. The rate determining step in ethylene biosynthesis is the

conversion of SAM 91 to ACC 101. On the basis of the general mechanism of PLP
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dependent enzymes and crystal structures obtained from ACC, a mechanism for the

formation ofACC was proposed by Huai et al.165, which is shown in Scheme 4.5.
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Scheme 4.5 Mechanism proposed by Huai et al.l65 for the conversion of SAM 91 to ACC 101

by ACC synthase.

4.1.3 iS'-Adenosylmethionine as an initiator for radical enzymatic reactions

The participation of organic radicals in enzymatic reactions has become more widely

recognised166 and some of the most extensively studied systems in this field are
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adenosylcobalamin 102 (Vitamin B12) dependent reactions. Most adenosylcobalamin

dependent enzymes catalyse isomerisation reactions in which a hydrogen atom of a

substrate exchanges positions with another group bound to an adjacent carbon atom. The

process is initiated by the formation of the 5'-deoxyadenosyl radical as an intermediate by

cleavage of the weak C5'-Co bond (see Figure 4.1).

N A

hov^Xy°HO

N
■\n-
Co
N'

102

NH, N x

HO

HO

HqC +

91

NH,

NH 3

C02

Figure 4.1 Relationship between structures of adenosylcobalamine 102 and SAM 91. The
corrin ring of adenosylcobalamine is simplified for clarity.

A novel mechanism for the generation of biologically active radicals has recently emerged

in which SAM plays a novel role by initiating free radicals through 5'-deoxyadenosyl
167 •radicals. Although the functions of both co-factors are very similar in that the 5'-

deoxyadenosyl radical abstracts a hydrogen atom from the substrate to form 5'-

deoxyadenosine and a substrate derived free radical (Scheme 4.6), the mechanisms are

very different.

Ado-CH^ H-R Ado-CH2 + .R
H

Scheme 4.6 Simplified radical transfer from the 5'-deoxyadenosyl radical (Ado-CH2) to a

substrate (H-R)
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The mechanism for the formation of the 5'-deoxyadenosyl in SAM dependent radical
168 •reactions is based on the involvement of iron-sulphur clusters, which are generally

associated with electron transfer reactions in redox systems.

The variety of reactions in which S-adenosyl-L-methionine 91 (SAM) is involved seems to

demonstrate that the co-factor participates in a number of different reactions and is not just

a methyl donor. Since the discovery of SAM 91 only 50 years ago,150 investigations have

mainly concentrated on its role as a biological methylation agent. Future work therefore

could reveal the involvement of SAM in a much greater variety of functions.

4.2 Identification of the first fluorinase enzyme

Although fluorine is the 13th most abundant element in the Earth's crust, only 6 naturally

occurring organofluorine compounds have been identified. Fluoroacetate 1 was the first

to be identified in 1943,4'5 whilst the most recently discovered is 4-fluorothreonine 14

isolated from the bacterium Streptomyces cattleya in 1986. Investigations into the

metabolism of inorganic fluoride to organofluorine compounds in plants were initiated in
OA O 1

the late 1960's by Peters and Shorthouse ' at Cambridge University who demonstrated

that fluoroacetate 1 and fluorocitrate 2 are biosynthesised in a variety of plants at low

concentrations. However, despite a considerable interest in the production of

fluorometabolites and a variety of hypothetical mechanisms accounting for the formation

of the carbon-fluorine bond, no details of the biochemistry of fluorination were known

before this study. The most widely studied system is the bacterium S. cattleya in which the

biosynthesis of fluoroacetate 1 and 4-fluorothreonine 14 has been studied over the last 16

years.
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4.2.1 Detection of organofluorine production in cell-free extract of S.

cattleya

The first detection of cell-free production of an organofluorine compound was initiated by

experiments concerning fluorophosphate production in resting cell cultures of S. cattleya.

It was found that when washed cells of S. cattleya were resuspended in water (0.04 g wet

wt ml"1), which was supplemented with glycerol (5 mM) and KF (2 mM), and agitated

(180 rpm) at 28 °C for 5 days, small amounts of fluorophosphates were detected in the

culture medium of the bacterium, as determined by 19F NMR (Figure 4.2).

doublet from monofluoro-

phosphate, (FP03 2")

doublet from

P-FADP

Figure 4.2 l9F NMR spectrum of supernatant of resting cells of S. cattleya after incubation
with glycine (5 mM) and KF (2 mM) for 5 days.

The major signal (doublet, - 70 ppm, JFp 865.3 Hz) is assigned to monofluorophosphate169

whereas the second, smaller signal (doublet, - 69.7 ppm, JFp 929.2 Hz) can be either

assigned to P-fluoroadenosine diphosphate (P-FADP) or to fluoropyrophosphate (FPPj).169

The enzymatic synthesis of fluorophosphates in mammalian cells was first described by

Ochoa in 195 8170 when purified pyruvate kinase, isolated from rabbit muscle, was
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incubated with ATP 92 and fluoride ions in the presence ofmagnesium ions. According to

that literature, the biosynthesis of fluorophosphates seems to be restricted to eukaryotic

cells as the in vivo production of fluorophosphates has never been reported in prokaryotic

systems. The presence of fluorophosphates in the culture medium of S. cattleya is not only

the first time that these fluorinated compounds have been detected in prokaryotic cells, but

it also represents a form of activated fluoride. It was therefore considered that activated

fluoride in the form of fluorophosphates might play a role in the initial fluorination process

in S. cattleya towards the fluorinated metabolites fluoroacetate 1 and 4-fluorothreonine 14.

This was a tentative proposal which was not subsequently substantiated. The actual

enzyme responsible for the formation of fluorophosphates in eukaryotic cells is a pyruvate

kinase, which is dependent on ATP, Mg2+ and can be affected by bicarbonate170 and

fructose-1,6-bisphosphate (Fr-1,6-P2).171 If the same enzyme is responsible for the

phosphorylation of fluoride in S. cattleya it should be possible to form fluorophosphates

with cell-free preparations of the bacterium.

Accordingly, a cell-free extract was prepared according to the method described in Section

6.2.4 but the cells were resuspended in TAPS buffer (100 mM, pH 7.80) supplemented

with potassium bicarbonate (200 mM) prior to ultrasonication. Apart from ATP 92, other

nucleotides such as UTP, GTP and CTP were administered to a cell-free extract and the

experiment was conducted according to the protocol described in Table 4.1. The assay

mixtures were incubated at 37 °C for 18 h.
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Table 4.1 Incubation of cell-free extract of S. cattleya with the nucleotides ATP, UTP, GTP
and CTP to study putative fluorophosphate production. All experiments were carried out in

duplicates.

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6

CFE (in TAPS buffer
+ KH2C03 [200 mM])

870 pi 870 pi 870 pi 870 pi 870 pi

KF [1 M] 30 pi 30 pi 30 pi 30 pi 30 pi 30 pi

MgCl2 [0.5 M] 30 pi 30 pi 30 pi 30 pi 30 pi 30 pi

TAPS buffer
+ KH2C03 [200 mM]

50 pi 870 pi

Fr-1,6-P2 [100 mM] 20 pi 20 pi 20 pi 20 pi 20 pi 20 pi

ATP [100 mM] 50 pi

UTP [100 mM] 50 pi

GTP [100 mM] 50 pi

CTP [100 mM] 50 pi

From the analysis by l9F NMR no signal for fluorophosphate could be detected in any of

the preparations. Flowever, analysis of experiment 3, which contained ATP 92, three

organofluorine signals were detected. The 19F NMR spectrum is reproduced in Figure 4.3.

The triplet at - 215.8 ppm can clearly be assigned to fluoroacetate whereas the other two

signals (- 229.5 and -229.7 ppm) were new signals.

The detection of fluoroacetate 1 can only be rationalised by the enzymatic fluorination of

an organic molecule in the cell-free extract, which then proceeds through further enzymatic

steps to fluoroacetate. The two new signals raised the possibility that intermediates on the

biosynthetic pathway to fluoroacetate had been identified. Both signals are doublets of

triplets and accordingly must be closely related in structure as their Jhf coupling constants

••23 •

are identical ( J 47, J 29), which is supporting the presence of a fluoromethyl group.
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Figure 4.3 19F NMR spectrum of Exp. 3. Three organofluorine signal can be detected of
which one is assigned to fluoroacetate 1 (-215.8 ppm) and two are unknown (-229.5 and -229.7

ppm).

Previous experiments with [2-2Hi, 2-180]-glycerol 36e have demonstrated that the C-0

bond is retained during all enzymatic steps on the fluorometabolite pathway (Section
1 79

2.4.2), as the isotope is found in both fluoroacetate 1 and 4-fluorothreonine 14. The

combination of all the acquired information leads to the conclusion that the unknown

signals derive from the minimal structure shown in Figure 4.4.

Figure 4.4 Minimal structure for the signals of the new, unknown organofluorine compounds
in Figure 4.3.

Since fluoroacetate 1 and the other two unknown organofluorine compounds were only

observed in experiment 3, ATP 92 seemed to be involved in the fluorination reaction.
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Control experiments were carried out on cell-free extract incubated in the absence of
2"b

fructose-1,6-bisphosphate, KH2CO3, Mg ions, ATP or KF. It was found that

organofluorine production is strictly dependent on magnesium ions, ATP 92 and KF and

that fructose-1,6-bisphosphate or KH2CO3 have no effect on the reaction, suggesting that

ATP is indeed involved in the fluorination. The triphosphate group of ATP 92 is a

potential leaving group and displacement of such a group by nucleophilic attack of fluoride

ion on the C5' carbon of ATP 92 initially presented an attractive mechanism for the

enzymatic formation of a carbon-fluorine bond (Scheme 4.7). The product of fluorination

would clearly be 5'-fluoro-5'-deoxyadenosine 103, which is consistent with the minimal

structure in Figure 4.4.
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Scheme 4.7 Putative mechanism for enzymatic carbon-fluorine bond formation.

However, further investigations forced a modification of this hypothesis which is discussed

in the next section.
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4.2.2 Identification of S-adenosyl-L-methionine as substrate for enzymatic

fluorination

During the investigations into enzymatic fluorination, it was observed that the amino acid

L-methionine 93 enhanced the production of fluoroacetate and both of the other two

fluorinated compounds. These results suggested that SAM 91 and not ATP 92 may be

involved in the fluorination event. As discussed in Section 4.1, SAM 91 is derived from

ATP 92 and L-methionine 93 by the action of SAM synthase, which is abundant in

eukaryotic and prokaryotic cells. Therefore, detection of the organofluorine compounds

when the cell-free extract was incubated with ATP 92, KF and magnesium ions can be

rationalised by the in situ production of SAM 91 by SAM synthase, which subsequently

becomes fluorinated to give 5'-fluoro-5'-deoxyadenosine 103 (Scheme 4.8).

CH3

92

Scheme 4.8 Proposed mechanism for the enzymatic carbon-fluorine bond formation by in situ

production of SAM 91 from ATP 92 and methionine 93 in cell-free extract of S. cattleya and

subsequent fluorination at C5' carbon to give 5'-fluoro-5'-deoxyadenosine 103.
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Accordingly, SAM (0.4 mM) was incubated with cell-free extract and fluoride ion (KF, 10

mM) at 37 °C for 16 h and the sample was analysed by 19F NMR. The resultant spectrum

was similar to that in Figure 4.3, indicating that SAM 91 could replace ATP 92 in

fluorometabolite biosynthesis.

The cell-free production of organofluorine compounds from SAM clearly shows that SAM

91 and not ATP 92 is the true substrate for enzymatic fluorination. With this established it

became necessary to determine the identity of the two unknown organofluorine

compounds.

4.2.3 Time course studies on enzymatic carbon-fluorine bond formation

In order to study the fluorination process in real time, the biotransformation of fluoride ion

(10 mM) to fluoroacetate was carried out in an NMR tube with cell-free extracts of S.

cattleya supplemented with SAM (0.4 mM). The progress of the biosynthesis was

monitored by recording 19F-NMR spectra at one hourly intervals over 17 hours at 25 °C.

The resulting l9F NMR spectra are stacked in Figure 4.5. As can be seen from the spectra,

the signal at -215 ppm, which corresponds to fluoroacetate 1, is already present after 1 h of

incubation. It suggests that the initial fluorination product is quickly metabolised by the

cell-free extract to fluoroacetate 1, one of the end products of fluorometabolite

biosynthesis. The fluoroacetate signal levels off after 11 h and no further increase can be

observed. The other two, relatively minor organofluorine products are difficult to

distinguish from each other. However, it can be seen that in the early stages of the

experiment, between 1 and 11 hours, the signal at -229 ppm, initially a doublet of triplets,

changes to a broad complex signal indicating the emergence of a further set of peaks and

the production of a second compound. This is consistent with the results obtained earlier
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(Figure 4.3). After this time, the peaks resolve and a distinct doublet of triplets can be

observed. The intensity of the new signal remains constant after 11 h suggesting that this

product could be associated with fluoroacetate biosynthesis.

ILwuwUi

fluoroacetate 1

17 h

15 h

13 h

11 h

■"■W.I'— * 9 ll

Uw »,— * 3 h

5 h

1 h

-214 -218 -222 -226 -230 ppm

Figure 4.5 19F NMR analysis, recorded every hour, of fluorine containing products generated
in the S. cattleya cell-free extract when incubated with SAM (0.4 mM) and fluoride (10 mM).

The production of fluoroacetate 1 indicates that the cell-free extract retains all of the

biosynthetic activities on the pathway to fluoroacetate. From previous work100'113 it is

known that fluoroacetaldehyde 15 is involved in the last step in fluorometabolite

biosynthesis (Section 2.1, 2.2). However, fluoroacetaldehyde 15 was not observed in this

experiment. The final reaction to fluoroacetate 1 is catalysed by an NAD+ dependent

aldehyde dehydrogenase, an enzyme which is efficiently inhibited by iodoacetamide.105

Therefore crude cell-free of S. cattleya was incubated in the same way as described before
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but with added iodoacetamide (10 mM). lodoacetamide has already been shown to inhibit

the aldehyde dehydrogenase and it was anticipated that fluoroacetaldehyde 15 might

accumulate. As can be seen in Scheme 4.9, fluoroacetaldehyde 15 is also the precursor to

4-fluorothreonine 14, however, previous studies have shown that the reaction is strictly

dependent on pyridoxal phosphate and therefore the production of 4-fluorothreonine 14

was not expected. After addition of iodoacetamide 19F NMR spectra were recorded at one

hourly intervals over 17 hours at 25 °C.

Scheme 4.9 Proposed inhibition of aldehyde dehydrogenase when cell-free extract is incubated
with SAM and KF in the presence of iodoacetamide.

In the presence of iodoacetamide, fluoroacetate 1 (-215 ppm) no longer accumulates.

Although the experiment arrested fluoroacetate production, there was no evidence for the

accumulation of fluoroacetaldehyde 15. As iodoacetamide is a potent inhibitor of any

enzyme having a thiol group in the active site, the absence of fluoroacetaldehyde can be

rationalised by the inhibition of enzymes earlier on the pathway than the aldehyde

dehydrogenase. The two signals which do accumulate in Figure 4.6 are again the two

unknown organofluorine compounds, which were observed previously (Figure 4.5). This

time, the intensity of the peaks is higher and the interconversion of compound A, the first

produced compound to compound B can be clearly observed. After 17 h, most of

compound A is converted to compound B and as the pathway to fluoroacetate is inhibited

by iodoacetamide the accumulated concentration of compound B in cell-free extract of S.

O

14
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cattleya is much higher than in any of the previous experiments, emphasising again its

relation to fluoroacetate 1. At this stage it was decided to scale the biotransformation up in

order to isolate compound B and determine its structure as the compound could give hints

on the initial fluorination product.

16 h KM

14 h

12 h

lOh
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Jl

Jl
JL

-4L

JL
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6 h expansion of the 19F NMR
spectrum recorded after 11 h
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2 h compound A

Oh

-214 -216 -218 -220 -222 -224 -226 -228 -236 ppa
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r I It f ^

ihlWl j

-229.1 -229.3 -229.5 -229.7 -229.9 -230.1 -230.3 ppa

Figure 4.6 19F NMR spectra recorded over the course of 17 h when cell-free extract was

incubated with SAM (0.4 mM) and KF (10 mM) in the presence of iodoacetamide.

4.2.4 Purification of 5'-fluoro-5'-deoxyinosine (compound B)

According to the mechanism proposed in Scheme 4.8, the initial fluorination product of

SAM and KF is 5'-fluoro-5'-deoxyadenosine 103 (5'-FDA). If compound B is 5'-FDA

103 or a related structure it should be UV active due to the purine ring system (Figure 4.7).

Accordingly, an UV based HPLC method should be applicable for a semi-preparative

purification of compound B. As 5'-FDA 103 is not commercially available, an HPLC
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method for adenosine 95 was established as 5'-FDA 103 and adenosine 95 are structurally

very related compounds (Figure 4.7).
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Figure 4.7 5'-fluoro-5'-deoxyadenosine 103 (5'-FDA) and adenosine 95.

Methods in the literature for the analysis of adenosine by HPLC are based on reverse phase

chromatography using an octadedacyl silyl (C-18) column eluted with phosphate buffer,

acetonitrile or methanol mixtures under slightly acidic conditions and monitored by UV at

260 nm.173'174 Accordingly, a method was established using a reverse phase C-18 column

(250x4.6 mm, Macherey and Nagel) which was eluted at 1 ml/min from 100 % buffer A

(50 mM KH2P04:MeCN, (95:5)) to 100 % buffer B (50 mM KH2P04:MeCN, (85:15)) over

25 min, monitored at 260 nm. The resulting chromatogram after injection of 10 pil of a

solution of adenosine 95 (100 pg/ml) is shown in Figure 4.8.

_ „ j V—.
i : rr; r
0 time |min| ]5

Figure 4.8 HPLC chromatogram of a commercial available sample of adenosine 95 (10 pi,

100 pg/ml) injected on a reverse phase C-18 column (250x4.6 mm) monitored at 260 nm.
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Once an efficient method for the detection of adenosine by HPLC was established, the next

goal was to apply this method to samples of cell-free extract, which were incubated with

and without SAM, KF and iodoacetamide. Two samples were prepared: Sample A

contained cell-free extract (1 ml), SAM (0.4 mM), KF (10 mM) and iodoacetamide (10

mM), whereas sample B had cell-free extract (1 ml) with added iodoacetamide (10 mM)

but without the addition of any substrate. Both samples were incubated at 37 °C for 16 h

after which time the protein was denatured by heating to 90 °C for 3 min. The precipitated

protein was removed by centrifugation and 20 pi of the clear supernatant was analysed by

HPLC under the conditions described above. The resultant HPLC chromatograms are

shown in Figure 4.9.

Ul u

chromatogram A

peak 2

peak 1

U"> <7S

chromatogram B

time [min] 15

Figure 4.9 Comparison of chromatogram A, representing the HPLC analysis of sample A to

chromatogram B, representing the HPLC analysis of sample B.
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The chromatograms have been expanded between 1 and 15 min, since no further peaks

eluted after this time. When chromatogram A (sample A, with SAM, KF and

iodoacetamide) is directly compared to chromatogram B (sample B, with iodoacetamide)

two major differences can be seen. Chromatogram A contains a peak with rt = 14.6 min

(peak 2), which is a very minor peak in chromatogram B; and the peak at rt = 7.4 min

(peak 1) in chromatogram A is also much more enhanced in comparison to chromatogram

B. The two larger peaks at the beginning of chromatogram A are SAM (rt = 3.0 min) and a

degradation product of SAM (rt= 3.5 min), which was confirmed by control experiments.

The peak which emerged to be the most likely candidate to be an organofluorine

compound was peak 1, as its retention time (rt = 7.4 min) is very close to the retention

obtained for adenosine (rt = 7.3 min, Figure 4.8) under the same HPLC conditions.

For the isolation of peaks 1 and 2, cell-free extract (20 ml) was prepared and supplemented

with SAM (0.4 mM), KF (10 mM) and iodoacetamide (10 mM). The cell-free extract was

then divided into twenty 1 ml samples and incubated at 37 °C for 24 h. Protein was

precipitated by heating to 90 °C for 3 min and then removed by centrifugation. The

supernatant was lyophilised and the resultant powder redissolved in 3 ml of D2O. Any

solids in the sample were again removed by centrifugation and the clear supernatant was

analysed by l9F NMR for production of organofluorine compounds. The analysis showed

one strong signal of a doublet of triplets at -229.7 ppm, suggesting that the detected

fluorine signal is the accumulated compound B. For further purification by HPLC under

semi-preparative conditions, a reverse phase C-18 column (250x10 mm, Phenomenex) was

eluted isocratically using buffer A (50 mM KHiPOpMeCN, (95:5)) over 20 min at a flow

rate of 5 ml/min and monitored at 260 nm. A reference chromatogram was recorded by the

injection of 50 pi of the generated sample, containing the organofluorine compound of

interest. The chromatogram was well resolved and similar to chromatogram A (Figure

4.9). The sample (3 ml) was separated by injecting 10 times 300 pi each on the C-18
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column (250x10 mm, Phenomenex) under the conditions described. Peaks 1 and 2 were

collected manually and lyophilised. The resulting white powder, which mainly constituted

of KH2PO4 was redissolved in 1 ml of D2O and analysed by 19F NMR. As predicted, peak

1 (rt = 7.4 min, chromatogram A, Figure 4.9) was the peak of interest and showed a strong

fluorine signal at -229.7 ppm (dt, 47 Hz, 29 Hz) as shown in Figure 4.10.

lililLliLlJ.^1 Li. u IlliUiJkl I I if A li ■■llU.ilLil.Li
imiililiililiilii 1

Figure 4.10 19F NMR spectrum of the purified organofluorine compound (-229.7 ppm, dt, 47

Hz, 29 Hz)).

In order to remove the KH2PO4 and other minor impurities, the sample (1 ml) was

concentrated under reduced pressure to a volume of 0.3 ml and applied to the semi-

preparative reverse phase column (C-18, 250x10 mm, Phenomenex). The HPLC pump

was run isocratically (watenacetonitrile (95:5)) at 5 ml/min and detection was carried out

at 260 nm. Due to the absence of the KH2PO4, the desired peak (rt = 7.6 min) eluted over

60 sec and was collected manually. After lyophilisation a white powder was obtained (<

lmg), which showed a single peak by analytical HPLC analysis (Figure 4.11) under the

conditions described above (Section 4.2.4). These results indicate that the isolated

organofluorine compound contains a strong chromophore, such as the purine ring of

adenosine, consistent with the proposed fluorinated product 103.
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time |min]
1
14

Figure 4.11 Analytical HPLC chromatogram of purified organofluorine compound synthesised

by cell-free extract of S. cattleya from SAM and fluoride ion.

Further analysis was carried out by 'H NMR and the resultant spectrum is shown in Figure

4.12.

H-F coupling
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Figure 4.12 'H NMR spectrum of isolated organofluorine compound dissolved in D20 with
water suppression.
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The isolated compound was similar to adenosine 95 as evinced by two singlets at 8.1 and

8.2 ppm and a doublet at 6.0 ppm (Figure 4.12). These signals are also clearly detectable

in the 'H NMR spectrum of adenosine 95 (Figure 4.13). Thus, the organofluorine

compound contains a purine ring system, which is likely to be bonded to a ribose ring (see

inset Figure 4.13).

Another important observation is the broad doublet at 4.3 ppm (Figure 4.12) with a

coupling constant of 29 Hz, indicating a 3J H-F coupling. From the results obtained by 19F

NMR analysis, a second fluorine signal with a J value of 47 Hz, due to the presence of a

fluoromethyl group should also be observed. However, such a signal is not obvious in the

spectrum. Since the NMR analysis was run with water suppression, it is possible that

certain signals are hidden in the region of 4.65 ppm (Figure 4.12). This is supported by the

'H NMR spectrum of adenosine 95 (Figure 4.13), which shows the signal for the 2' proton

at 4.7 ppm.
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Figure 4.13 *H NMR spectrum of commercially available adenosine.

137



Chapter 4

To shift the water peak to lower frequency the sample was dissolved in DMSO after

lyophilisation and analysed by 'H NMR (Figure 4.14). Although the water peak was

shifted to 3.7 ppm, the addition of DMSO let to sample decomposition. New signals can

be observed between 6-8 ppm and at 3.9 ppm (doublet, 46.3 Hz) indicating a fluorinated

dcomposition product.

5'H, 47 Hz

4'H, 24 Hz

1 I ' 11 1 I 1 ' 1 1 I 1 1 1 1 I 1 1 1 1 I 1 ' 1 ■ I 1 1 1 ' I 1 11 1
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Figure 4.14 'H NMR spectrum of isolated organofluorine compound in deuterated DMSO.

None-the-less, the upfield shift of the water peak demonstrates that certain peaks were

obscured by the H2O signal. The expansion of this area (Figure 4.14 inset) shows the
• "1

previously described doublet of multiplets at 4.1 ppm generated by J H-F coupling. The

coupling constant is slightly smaller (J = 24 Hz) than that observed in D2O, but this is

consistent with the data obtained from the 19F NMR spectra run in DMSO.

Now, a J H-F coupled signal (4.6 ppm, 47 Hz), can clearly be seen and is assigned to a

fluoromethyl group. The previously observed triplets (4.5 and 4.2 ppm), singlets (8.1 and
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8.2 ppm) and the doublet at 5.9 ppm are also present and are representing the protons on

the purine ring and on the sugar ribose. With this data in hand 5'-fluoro-5'-

deoxyadenosine 103 was initially emerging as the structure for compound B. A *H COSY

NMR experiment supported this conclusion. The isolated compound was then analysed by

MALDI TOF mass spectrometry, which revealed a mass of 270. Since 5'-fluoro-5'-

deoxyadenosine 103 has a molecular weight of 269, the observed mass is one mass unit too

high. The compound was further analysed as the trimethylsilyl derivative by GC/MS,

which was operated in CI mode (methane). The resulting mass spectrum is shown in

Figure 4.15.
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Figure 4.15 Mass spectrum of the trimethylsilyl derivative of the isolated organofluorine

compound, recorded by GC/MS (CI).

The analysis shows three significant ions at M+l ([M+H]+), M-15 ([M+H - CH3]+) and M-

19 ([M+H - HF]+). Ions at M+29 and M+41 are also noted in the CI mass spectrum due to

the formation of adducts during the ionisation process. However, the most significant
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result is the observation of the parent ion with m/z of 487, demonstrating that the

derivatised molecule has the mass of 486. The trimethylsilyl derivative of 5'-fluoro-5'-

deoxyadenosine is calculated to have a mass of 485. This result was consistent with that

from MALDI TOF MS analysis indication that the isolated compound is one mass unit

heavier than the proposed structure 103.

The observations obtained from mass spectrometry forced a reassessment for the structure

of compound B and 5'-fluoro-5'-deoxyinosine 104 became a more plausible structure

(Figure 4.16).

HO OH

C-10H12FN5O3
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Mol. Wt.: 270.22

104

Figure 4.16 5'-Fluoro-5'-deoxyadenosine 103 (5'-FDA) and 5'-fluoro-5'-deoxyinosine 104

(5'-FDI).

The similarity of the structure of 5'-fluoro-5'-deoxyinosine 104 (5'-FDI) to 5'-fluoro-5'-

deoxyadenosine 103 (5'-FDA) would not substantially change the chemical shifts of the

vicinal protons in the 'H NMR spectrum at positions C2 and C8. Certainly, it would not

much affect the chemical shifts of the protons on the ribose moiety. These suggestions

were confirmed by comparing the 'fl NMR spectra of the commercially available

compounds adenosine and inosine, which gave almost identical spectra. Therefore, all of

the data obtained so far point now to 5'-fluoro-5'-deoxyinosine 104 as the isolated

organofluorine compound.
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4.2.5 Investigations into the origin of 5'-fluoro-5'-deoxyinosine (5'-FDI) with

[lsO] water

If 5'-FDI 104 was the isolated organofluorine compound, it is unlikely that the molecule is

biosynthesised by the action of one enzyme which uses SAM 92 and fluoride ion to

produce 104 as this would involve the initial formation of the carbon-fluorine bond

followed by hydrolytic deamination. Instead, the formation of 5'-FDI 104 is suggested to

be catalysed by two independent enzymes. The first step could involve the formation of

5'-FDA 103 as proposed in Scheme 4.11, which could then be enzymatically converted to

5'-FDI 104 in a second step by the action of a deaminase. As the conversion of adenosine

95 to inosine 105, catalysed by adenosine deaminase, is a well known step in purine

degradation (Scheme 4.10),110 the deamination of 5'-FDI to 5'-FDA in fluorometabolite

biosynthesis of S. cattleya would not be unreasonable.

Scheme 4.10 Enzymatic conversion of adenosine 95 to inosine 105 by an deaminase.

A straight forward way to test this hypothesis involved incubating cell-free extract of S.

cattleya with SAM, KF and iodoacetamide in the presence of 180 enriched water. As

outlined in Scheme 4.11, the hydroxyl group of 5'-fluoro-5'-deoxyinosine 104 is derived
1 8

from H20 and therefore an incorporation of O should be observed into 5'-fluoro-5'-

deoxyinosine 104.
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HO OH
104a

Scheme 4.11 Incorporation of 180 at position C6 of 104 when cell-free extract of S. cattleya is
incubated with SAM 91, KF and iodoacetamide.

Accordingly, SAM (0.4 mM), KF (10 mM) and iodoacetamide (10 mM) was incubated for

18 h at 37 °C with cell-free extract, which contained 30 atom % [180]-water. The protein

was then denatured by heating to 90 °C for 3 min and the precipitate was spun down by

centrifugation. The supernatant was lyophilised and sent to Dr. Jack Hamilton at the

Queen's University of Belfast for GC/MS analysis. The sample was subjected to 10 repeat

injections and the results revealed that 26 % (± 0.19) of the organofluorine compound

produced, had a M+2 peak in the resulting mass spectrum, indicating the incorporation of
18 •O into the isolated organofluorine compound at approximately the same level of the

enriched water. The results confirm that the purified compound is indeed 5'-FDI 104,

which is biosynthesised as shown in Scheme 4.11. Furthermore, the isolation of 5'-FDI

104, produced by the cell-free extract from SAM 91 and KF strongly supports 5'-fluoro-5'-

deoxyadenosine 103 (5'-FDA) as the initial fluorination product (Scheme 4.11) although

this remained to be established.
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4.2.6 The role of 5'-fluoro-5'-deoxyadenosine (5'-FDA) and 5'-fluoro-5'-

deoxyinosine (5'-FDI) in fluorometabolite biosynthesis

The presence of a deaminase in S. catteya was investigated by incubating adenosine with

the cell-free extract and it was shown that adenosine is efficiently converted to ionsine. It

was therefore concluded that the cell-free extract contains a deaminase activity and this

raised the question as to, whether 5'-FDI 104 is indeed an intermediate on the pathway to

the fluorometabolites or if it is just a shunt product generated by a deaminase enzyme with

a broad substrate specificity. From earlier experiments, it has been shown that upon the

addition of SAM 92 and KF to the cell-free extract, fluoroacetate 1 production is observed

(Figure 4.3). Accordingly, if 5'-FDI 104 is an intermediate in the biosynthesis of

fluoroacetate 1, the administration of 5'-FDI 104 to the cell-free extract in the absence of

SAM 91 and KF should also lead to the production of fluoroacetate 1. To determine this,

an experiment was conducted where 5'-FDI 104, previously isoltated by preparative

F1PLC, was incubated with the cell-free extract of S. cattleya. Concomitantly, a control

experiment with cell-free extract, SAM (0.4 mM) and KF (10 mM) was carried out in

order to ensure that the production of fluoroacetate 1 was maintained under standard

conditions. Analysis of the control experiment by 19F NMR showed a signal for

fluoroacetate 1 (A) whilst the spectrum recorded of the cell-free extract supplemented with

5'-FDI 104 did not indicate the formation of any fluorometabolite. Only a signal for the

5'-FDI 104 was observed (B) (Figure 4.17).
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Figure 4.17 19F NMR spectra of the cell-free extract of S. cattleya incubated with SAM 92 and
KF (chromatogram A) and incubated with 5'-FDI 104 (chromatogram B).

This indicates that 5'-fluoro-5'-deoxyinosine 104 is not an intermediate on the pathway

towards the biosynthesis of fluoroacetate 1. Therefore, it can be concluded that this

inosine derivative is a metabolic shunt product of 5'-FDA 103, generated by the action of a

non-specific deaminase enzyme within the cell-free extract.

In summary, it is proposed that SAM 92 combines with fluoride ion and is converted to 5'-

FDA 103. This product in turn is transformed to fluoroacetate 1 but that 5'-FDA 103 is

also converted to 5'-FDI 104 as shunt-product by the action of a deaminase (Scheme 4.12).

OH

16Ov JSI- "N

HO OH
104

HoN"
shunt product

deaminase

NH,

N

<'
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N

N

O

HO OH
92

HO OH
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Scheme 4.12 Proposed pathway from SAM 92 and fluoride ion to fluoroacetate 1 via 5'-FDA
103 and the generation of the shunt product 5'-FDl 104 from 5'FDA catalysed by a deaminase

enzyme.
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At this stage 5'-FDA 103 was implicated as the initial fluorination product but its

involvement in the process remained hypothetical, although the isolation of 5'-FDI 104 did

suggest the intermediary of 5'-FDA 103. The rapid formation of fluoroacetate 1 and 5'-

FDI 104 by the cell-free extract precluded the isolation of the putative initial fluorination

product, 5'-FDA 103. It is possible that the low concentration of a transient intermediate

may be below the detectable threshold of 19F NMR analysis. To determine its role as an

intermediate in fluorometabolite biosynthesis, a synthetic sample of 5'-fluoro-5'-

deoxyadenosine 103 was prepared by Steven L. Cobb at St Andrews University according

to Scheme 4.13.

Scheme 4.13 Reagents and Conditions: i) MsCl, pyridine, 25 °C, 20 h, 73 %; ii) TBAF

(2.5 equiv), MeCN, reflux, 24 h, 46 %; iii) dil. H2SO4, 25 °C, 4 h, 70 %.
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The role of 5'-FDA 103 as a precursor in fluoroacetate biosynthesis was then examined by

the administration of the synthetic material to cell-free extract S. cattleya and subsequent

analysis for fluorometabolite production (Table 4.2).

Table 4.2 Incubation of cell-free extract of S. cattleya with synthetic 5'-FDA 103 (Exp. 1) in

comparison to control experiments (Exp. 2 and Exp.3).

Exp. 1 Exp 2 Exp 3

CFE 950 pi 950 pi

boiled CFE 950 pi

5'-FDA (100 mM) 50 pi 50 pi

KF [0.5 M] 20 pi

SAM [20 mM] 20 pi

Tris buffer [50 mM], pH 7.8 10 pi

The cell-free extract of S. cattleya was incubated with 5'-FDA (5 mM) at 37 °C for 22 h

(Exp. 1). Additionally, control experiments with SAM (0.4 mM) and KF (10 mM) (Exp.

2), and boiled cell-free extract (Exp. 3) with 5'-FDA (5 mM) were also carried out.

The 19F NMR analysis of Exp. 2 showed that the cell-free extract was in good condition as

a signal for fluoroacetate 1 was observed, when the incubation was carried out with SAM

91 and KF. Boiled cell-free extract supplemented with synthetic 5'-FDA 103 showed only

a signal for the added organofluorine compound itself.

Exp. 1 which contained crude cell-free extract and 5'-FDA 103 was analysed by HPLC

and l9F NMR after 0.5 h, 3 h, 7 h and 22 h of incubation. HPLC analysis of the cell-free

extract after 30 min, according to conditions described in Section 4.2.4, showed a peak

with a retention time similar to 5'FDI. The result was confirmed by 19F NMR analysis,

which showed two doublet of triplets, one at -229.7 ppm (5'-FDI 104) and the other one at

-229.8 ppm (5'-FDA 103). After 3 h, fluoroacetate 1 was observed by 19F NMR due to the
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signal at -215.8 ppm, which increased in intensity over time. 19F NMR analysis after the

cell-free extract was incubated with synthetic 5'-FDA 103 for 22 h is shown in Figure

4.18.

fluoroacetate 1

Figure 4.18 l9F NMR spectrum recorded after cell-free extract had been incubated with

synthetic 5'-FDA 103 for 22 h. Three organofluorine signal are apparent, corresponding to

fluoroacetate 1 (-215.8 ppm), 5'-FDI 104 (-229.7 ppm) and 4-fluorothreonine 14 (-320.4 ppm)

Three organofluorine signals are present, one can be assigned to 5'-FDI 104 (-229.7 ppm),

demonstrating that the deaminase present in the cell-free extract efficiently converts 5'-

FDA 103 to 5'-FDI 104 as shown in Scheme 4.12. The second signal is the characteristic

triplet at -215.8 ppm corresponding to fluoroacetate 1. Control experiments have shown

that the cell-free extract is able to biotransform SAM 91 and fluoride ion to fluoroacetate 1.

Furthermore, it has been shown that 5'-FDI 104 does not lead to the synthesis of

fluoroacetate 1, therefore, the production of 1 can only be explained by transformation of

5'-FDA 103. These results clearly demonstrate, that 5'-fluoro-5'-deoxyadenosine 103 is

an intermediate on the fluorometabolite pathway and it must be the initial fluorination

product of the fluorinase enzyme. The third signal present in Figure 4.18 is 4-

fluorothreonine 14 and its biosynthesis will be discussed in detail in the follwoing Section.
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To further confirm that 5'-FDA 103 is the reaction product of SAM 91 and fluoride ion

catalysed by the fluorinase enzyme, enzymatically produced 5'-FDA 103 required to be

purified. This was achieved by the preparation of partially purified fluorinase (gel-

filtration fractions, see Section 6.2.16), which no longer contained any deaminase activity.

Partially purified enzyme (6 x 1 ml) was supplemented with SAM (0.4 mM) and KF (10

mM) and incubated at 37 °C for 24 h. The samples were then heated at 90 °C for 3 min

and precipitated protein was removed by centrifugation. by semi-preparative HPLC. The

supernatants of each sample were combined and lyophilised and the resultant powder

redissolved in 900 pi of D20 (for 19F NMR analysis). Any solids in the sample were

removed by centrifugation and the clear supernatant was injected (3 x 300 pi) on a reverse

phase C-18 column (250x10 mm, Phenomenex) equilibrated with solvent A (50mM

KJHfPOpacetonitrile (95:5)). The column was eluted at a flow rate of 5 ml/min to 100 %

solvent B (50 mM KFfPOpacetonitrile (80:20)) over 30 min. The peak with an identical

retention time to synthetic 5'-FDA 103 was collected and lyophilised.

The partially purified compound was analysed by 19F NMR, 'H NMR and GC/MS as the

trimethylsilyl derivative and all data were in agreement with the synthetic sample.

4.2.7 Cell-free production of 4-fluorothreonine

An interesting result, which was obtained by incubating cell-free extract with synthetic 5'-

FDA 103, was the observation of a third fluorine signal at -230.4 ppm (Figure 4.18). The

signal had not previously been observed when the experiment was carried out in the

presence of SAM 91 and fluoride ion. The chemical shift of the signal was identical to that

for 4-fluorothreonine 14 but due to the weak intensity of the signal, coupling constants

could not initially be determined. However, after the sample was lyophilised and
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derivatised with MSTFA, a peak was detected by GC/MS analysis which had an identical

mass spectrum to 4-fluorothreonine 14. The findings strongly suggest that the newly

observed signal corresponds to enzymatically generated 4-fluorothreonine 14.

Previous results have shown (Chapter 3) that the last step in 4-fluorothreonine biosynthesis
175 •

in S. cattleya is catalysed by a PLP dependent threonine transaldolase, which generates

the fluorinated amino acid from L-threonine 84 and fluoroacetaldehyde 15. It is also

known that fluoroacetaldehyde 15 is oxidised to fluoroacetate 1 by the action of an

aldehyde dehydrogenase present in S. cattleya}05 Although fluoroacetaldehyde 15 has not

been detected in any cell-free studies carried out so far, the biosynthesis of fluoroacetate 1

and 4-fluorothreonine 14 should proceed via the aldehyde as it is the direct precursor for

both fluorometabolites. Upon the addition of PLP and L-threonine 84 to cell-free extract of

S. cattleya incubated with 5'-FDA 103, it should be possible to enhance the production of

4-fluorothreonine 14. An experiment was conducted where cell-free extract of S. cattleya

was incubated with 5'-FDA 103 at a lower concentration (1 mM instead 5 mM) compared

to the previous experiment. In this second experiment, the cell-free extract was, in

addition to 5'-FDA (1 mM), supplemented with PLP (0.1 mM) and L-threonine (2 mM).

The samples were incubated at 37 °C for 18 h and subsequently analysed by 19F NMR.

A fluoroacetate 1 B

Figure 4.19 19F NMR spectra of cell-free extract incubated with 5'-FDA 103 without PLP and
L-threonine 84 (A) and in the presence of PLP and L-threonine 84 (B). Both spectra show three

signals, which correspond to fluoroacetate 1 (-215.8 ppm), 5'-FDI 104 (-229.7 ppm) and 4-
fluorothreonine 14 (-230.3 ppm).
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The resulting 19F NMR spectra recorded for sample A, which was incubated with cell-free

extract, 5'-FDA 103 in the absence of PLP and L-threonine 84 and sample B, which

contained PLP and L-threonine 84 are shown in Figure 4.19.

The spectrum recorded from sample A is similar to the one shown in Figure 4.18. Two

major signals corresponding to fluoroacetate 1 (-215.8 ppm) and 5'-FDI 104 (-229.7 ppm)

are apparent. The third minor signal (-230.3 ppm) belongs to 4-fluorothreonine 14. The

same signals are present in spectrum B but the signal for 4-fluorothreonine 14 is

significantly larger in comparison to the small 4-fluorothreonine 14 signal in spectrum A.

The well resolved signal at -230.3 ppm in spectrum B gave coupling constants (47 Hz, 25

Hz) consistent with the fluorinated amino acid. Both samples were lyophilised and

derivatised with MSTFA for GC/MS analysis which confirmed the presence of 4-

fluorothreonine. The peak intensity of 4-fluorothreonine 14 detected in sample B was

found to be much higher than in sample A (~ 20 times), directly reflecting the results

obtained by NMR analysis.

In summary, the experiments described in this section have shown that the cell-free extract

of S. cattleya has not only the entire enzymatic capability to form fluoroacetate 1, but is

also able to generate 4-fluorothreonine 14. Although fluoroacetaldehyde 15 was not

observed by 19F NMR analysis in this experiment, the absence of this intermediate can be

rationalised by the consumption of any fluoroacetaldehyde 15 formed, due to its role as

common precursor to both, fluoroacetate 1 and 4-fluorothreonine 14. However,

fluoroacetaldhyde 15 is observed in experiments described in the next Section. An

overview of the biosynthesis of fluoroacetate and 4-fluorothreonine is shown in Scheme

4.14.
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Scheme 4.14 Overview of the metabolic relationship between SAM 91, fluoroacetate 1 and 4-
fluoroathreonine 14.

4.2.8 Identification of fluoroacetaldehyde in cell-free extract of S. cattleya

It has been shown that the cell-free extract of S. cattleya can biotransform 5'-fluoro-5'-

deoxyadenosine 103, the initial fluorination product in fluorometabolite biosynthesis, to
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fluoroacetate 1 and 4-fluorothreonine 14. The results indicate that all the intermediates on

the biosynthetic pathway necessary to synthesise these two fluorinated natural products

must be active in the cell-free extract. Although fluoroacetate 1 and 4-fluorothreonine 14

accumulate in the cell-free extract, there was no indication of the presence of any other

organofluorine signal as determined by 19F NMR. However, since all samples were

analysed after the cell-free extract had been incubated overnight, the presence of early

intermediates may have been overlooked. To explore the early stages of the

biotransformation a time course experiment was carried out.

Since the formation of 4-fluorothreonine 14 was only observed when cell-free extract was

incubated with synthetic 5'-FDA 103, it seems that enzymatically formed 5'-FDA 103

from SAM 91 and KF is not produced in concentrations high enough to support sufficient

4-fluorothreonine biosynthesis. Clearly, the excess of synthetic 5'-FDA 103 in the cell-

free extract must lead to higher concentrations of certain intermediates on the pathway

promoting the generation of 4-fluorothreonine. Furthermore, it was observed that cell-free

extract prepared from different batches of cells of S. cattleya shows significant differences

in their metabolic activity.

It was therefore decided to conduct a time course experiment at lower temperature with an

excess of 5'-FDA 103 in the cell-free extract, prepared from cells which have previously

been shown to be metabolically less active. The combination of those changes should

allow the accumulation of possible fluorometabolite intermediates.

A crude cell-free preparation of S. cattleya was incubated with the synthetic sample of 5'-

FDA (10 mM) and the in vitro biotransformation monitored in real time by recording 19F-

NMR spectra at one hourly intervals over 19 hours at 25 °C (Figure 4.20).
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Figure 4.20 19F NMR analysis, recorded every hour, of fluorine containing products

generated in the S. cattleya cell-free extract when incubated with 5'-FDA (20 mM).

The resultant I9F NMR spectra shown in Figure 4.20 clearly indicates a number of organic

fluorine compounds derived from 5'-FDA 103. Fluoroacetate 1 (triplet at -215.8 ppm) is

obvious as before. Also the high intensity signals between -229 ppm and -230 ppm

correspond to the added 5'-FDA 103 and its rapid conversion to 5'-FDI 104, by the action

of adenosine deaminase. 4-Fluorothreonine 14 (-230.3 ppm) is also apparent, indicating

that all of the activities and co-factors are present in the cell free extract for its biosynthesis

from 5'-FDA 103. Perhaps the most surprising observation in this experiment is the

presence of fluoroethanol 29 (-223 ppm) and the 19F-signal at -234.3 ppm. The unknown

signal was confirmed as a complex between fluoroacetaldehyde 15 and
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H,N

tris(hydroxymethyl)aminoethane 106

tris(hydroxymethyl)aminoethane 106 the constituent of Tris buffer. Although suggestions

on the structure of this complex cannot be made, control reactions with synthetic

fluoroacetaldehyde 15 in different buffer systems confirmed the formation of a

Tris/fluoroacetaldehyde complex. When synthetic fluoroacetaldehyde 15 was added to

Tris buffer (50 mM, pH.7.8), the buffer used for the preparation of cell-free extract, and

compared to a sample of synthetic fluoroacetaldehyde 15 in an aqueous solution of

KH2PO4 (50 mM, pH 7.8) using the same conditions, the resultant 19F NMR spectra were

distinct from each other (Figure 4.21).

fluoroacetaldehyde

-234 -235 -236 -237

fluoroacetaldehyde

fluoroacetaldehyde/
Tris complex

-235 -236 -237 -238

Figure 4.21 l9F NMR spectra of synthetic fluoroacetaldehyde added to KH2P04 buffer (50 mM,

pH 7.8) (upper spectrum) and in Tris buffer (50 mM, pH 7.8) (lower spectrum).
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The upper spectrum, representing the sample of fluoroacetaldehyde 15 in KH2PO4 buffer,

shows a single signal at -229.9 ppm belonging to fluoroacetaldehyde 15. In contrast, the

lower spectrum, which was prepared with Tris buffer, contains two 19F-signals. A smaller

signal at -229.9 ppm, corresponding to free fluoroacetaldehyde 15, is observable whereas

the major signal has a chemical shift of-234.5 ppm. The detection of two fluorine signals

was only observable with Tris buffer and not in any other experiments carried out using

aqueous solutions of citric acid (50 mM, pH 4), MES (50 mM, pH 6) and diethylamine (50

mM, pH 10). Since the chemical shift and the coupling constants of the signal generated

by the fluoroacetaldehyde-Tris complex is identical to the signal detected in the time

course experiment (-234.5 ppm, Figure 4.20), it was concluded that the organofluorine

compound detected in the cell-free extract is the same fluoroacetaldehyde-Tris complex

and therefore is generated enzymatically from 5'-FDA 103.

In the cell-free extract, this complex accumulates and then disappears indicating a

reversible reaction presumably the formation and decomposition of an imine of a cyclic

aminal. Concomitantly, the concentration of fluoroethanol 29 steadily increases. It has

previously been established that fluoroethanol 29 is not involved in the biosynthesis of the

organofluorine compounds.100 It appears therefore, that under these conditions

fluoroacetaldehyde 15 is generated from 5'-FDA and that there is an adventitious and

irreversible bio-conversion (alcohol dehydrogenase) of fluoroacetaldehyde to

fluoroethanol, shifting the equilibrium from the aldehyde-Tris complex to fluoroethanol.

Finally, there is another signal at -227 ppm in the 19F-NMR spectrum (Figure 4.20) which

appears before fluoroacetaldehyde 15 and accumulates for a short period (between lh - 9h)

and then disappears. This unknown and transient compound may emerge to be an

intermediate between 5'-FDA 103 and fluoroacetaldehyde 15.
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In conclusion, the time course experiment has shown that incubation of a synthetic sample

of 5'-FDA 103 with a cell-free extract of S. cattleya resulted in the accumulation of

fluoroacetaldehyde 15 (and fluoroethanol 29) confirming its role as a biosynthetic

intermediate to fluoroacetate 1 and 4-fluorothreonine 14. A transient signal was also

observed during the 19F-NMR experiment which is presumably a metabolic intermediate

between 5'-FDA 103 and fluoroacetaldehyde 15. The identity of this compound remains

to be solved. The results obtained from this experiments are summarised in Scheme 4.15.
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Scheme 4.15 Relationships between the organofluorine compounds observed after incubation of

synthetic 5'-FDA 103 with cell-free extract of S. cattleya monitored in real time by 19F NMR.
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4.3 Conclusion

In summary it has been shown that in S. cattleya a fluorinase enzyme is present which

converts SAM 91 and fluouoride ion to 5'-fluoro-5'-deoxyadenosine 103 (5'FDA), the

initial fluorination product of this novel enzyme. 5'-fluoro-5'-deoxyinosine 104 (5'FDI),

which accumulates in cell-free extract of S. cattleya when incubated with SAM 91 and

fluoride ion was identified as a shunt product, not belonging to the fluorometabolite

pathway. This fluorinated compound is the product of an enzymatic reaction catalysed by

an deaminase also present in the cell-free extract of S. cattleya.

Investigations using cell-free extract of S. cattleya have shown that the incubation of

synthetic 5'-fluoro-5'-deoxyadenosine 103 led to the accumulation of fluoroacetate 1 and

4-fluorothreonine 14, confirming that 5'-FDA 103 is the initial fluorination product of

SAM 91 and fluoride ion. Since fluoroacetate 1 and 4-fluorothreonine 14 are the end

products of the biosynthetic pathway towards the fluorometabolites, the results clearly

indicate that all of the enzymatic activities are present within the extract to mediate the

entire biosynthesis. Furthermore, fluoroacetaldehyde 15 was indirectly identified in cell-

free extract when incubated with 5'-FDA 103 due to the presence of fluoroethanol 29 and a

complex which is formed between fluoroacetaldehyde and

tris(hydroxymethyl)aminoethane 106 the constituent of Tris buffer. The accumulation of

fluoroacetaldehyde 15 confirms its role as a biosynthetic intermediate to fluoroacetate 1

and 4-fluorothreonine 14 and is therefore consistent with results earlier obtained.113'175

157



Chapter 5



Chapter 5

5 Purification and biochemical propertiesof the fluorinase enzyme

• . . 17 f\The previous chapter discussed the identification of a fluorination activity in S. cattleya,

which is responsible for the formation of a C-F bond. This fluorination enzyme mediates a

reaction between inorganic fluoride ion and S-adenosy-L-lmethionine 91 (SAM) to

generate 5'-fluoro-5'-deoxyadenosine 103 (5'-FDA). Due to the uniqueness of this

enzyme the clear next objective was the purification of this novel fluorinase enzyme.

5.1 Purification of the fluorinase enzyme

5.1.1 Assay development for the detection of the fluorinase enzyme

For the purification of the fluorinase enzyme a sufficient enzyme assay for the detection of

the fluorinase activity was required. In the early stages of the purification, it was thought

that 5'-fluoro-5'-deoxyinosine 104 (5'FDI) was the product of the reaction between SAM

91 and fluoride ion. Due to the strong chromophore of this compound an HPLC method

was established for the detection of 5'-FDI 104, which was based on the method used for

the purification of 5'-FDI 91 (Section 4.2.4). Initially, fractions were analysed by HPLC

using an analytical CI8 (250x4.6 mm) column, isocratically eluted (50 mM KH2PO4:

MeCN (95:5)) over 20 min, at a flow rate of 1 ml/min and monitored at 260 nm. The

method was sufficient for the detection of 5'-FDI 104 and fractions which contained 5'FDI

104 after incubation with SAM 91 and KF overnight were pooled and subjected to the next

purification step. The purification was however confounded by the fact that 5'-FDI 104 is

the shunt product generated by the action of a second enzyme (deaminase). Consequently,
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the activity for the generation of 5'-FDI 104 was quickly lost during the purification

process as the two activities (fluorinase and deaminase) became separated. The isocratic

HPLC method used for the detection of 5'-FD 1041 was also insufficient for the detection

of 5'-FDA 103 and accordingly, the purification of the fluorinase enzyme was

unsuccessful in the early stages due to an incorrect assumption of the product.

The organic synthesis of a sample of 5'-FDA 103 (Scheme 4.13) by S.L. Cobb was a

breakthrough in terms of the purification of the fluorinase enzyme. With the synthetic

sample in hand, it was possible to establish an HPLC method for the detection of 5'-FDA

103, which proved to be a sufficient assay to guide the purification. The method described

below has been used throughout and wherever the text refers to an analytical HPLC

method in this Chapter the following method was used.

For the analysis of 5'-FDA by HPLC, a C18 hypersil column(250 x 4.6 mm, 5pm) from

Machery & Nagel was used, which was eluted with a gradient at a flow rate of 1 ml/min

starting from 50 mM KH2PO4: MeCN (95:5) to 50 mM KH2PO4: MeCN (80:20) over 20

min and monitored at 260 nm. It was found that with the described method, it was possible

to detect both 5'-FDI 104 and 5'-FDA 103 in the same HPLC run as can be seen in the

chromatogram shown below.

q time [min]

Figure 5.1 HPLC chromatogram of a sample containing 5'-FDI 104 and 5'-FDA 103.

5'-FDI 104

V.
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5.1.2 Protein purification by ammonium sulphate precipitation

In the first stage of the purification, the protein of the crude cell-free extract (~ 3 mg

protein/ml) was salted out by the addition of ammonium sulphate ((NFLO2SO4). It was

found that precipitated protein obtained from cell-free extract containing (NH^SCU

concentrations between 45-60 % contained the desired activity. The purification was

carried out by the addition of (NFL^SC^ to the cell-free extract to a concentration of 45 %,

the solution was then left to stir for 20 min at 4 °C. After this time, the precipitated protein

was removed by centrifugation (20 000 rpm, 20 min) and the ammonium sulphate content

of the supernatant was adjusted to 60 %. The resultant protein pellet from this ammonium

sulphate cut was dissolved in 50 mM Tris buffer (1.5 ml, pH 7.5) and passed through a

desalting column (HiTrap™ desalting, 5ml, Amersham Pharmacia Biotech), which was

equilibrated and isocratically eluted with the same buffer. After each desalting step,

fractions 2 and 3 (1.5 ml each) were combined and tested for 5'-FDA 103 production by

incubating partially purified cell-free extract (96 pi) with SAM (0.4 mM) and KF (10 mM)

at 37 °C in a final volume of 100 pi for 16 h. The sample was then heated to 90 °C for 3-5

min and the precipitated protein was removed by centrifugation. For the analysis by

analytical HPLC, 20 pi of the clear supernatant was injected on the CI 8 column. A typical

chromatogram of such an analysis is shown in Figure 5.2.

5'-FDA 103

5'-FDI 104

_AJU- Ll
i i
0 time |min] 20

Figure 5.2 HPLC chromatogram of partially purified cell-free extract incubated with SAM

(0.4 mM) and KF (10 mM) at 37 °C for 16 h.
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The chromatogram shows the presence of both 5'-FDA 103 (major peak) and 5'-FDI 104

(minor peak) indicating that the ammonium sulphate precipitation was unable to

completely separate the deaminase activity from the fluorinase enzyme.

5.1.3 Protein purification by hydrophobic interaction column

chromatography

Since the first purification step involves ammonium sulphate precipitation, a very

convenient second purification step would be the application of hydrophobic interaction

chromatography. The basic principle of hydrophobic columns is that their affinity to

protein is high at high salt concentrations (e.g. (NH^SC^) whereas the binding capacity is

low at low salt concentration. Accordingly, hydrophobic columns are usually run by a

stepwise or gradient elution, starting at a high and then proceeding to lower ammonium

sulphate concentrations. The advantage of hydrophobic interaction chromatography as the

purification step after ammonium sulphate precipitation is clearly that the protein

precipitate does not have to be desalted before application to the next column.

Accordingly, a kit containing 5 different 1 ml hydrophobic columns (Phenyl FF (low sub),

Phenyl FF (high sub), Phenyl HP, Butyl FF, Octyl FF) from Amersham Pharmacia Biotech

was tested by applying a gradient starting from buffer A (50 mM Tris buffer, pH 7.8

supplemented with 1 M (NH^SCft)) to 100 % buffer B (50 mM Tris buffer, pH 7.8 ) over

20 ml at a flow rate of 1 ml/min. A protein pellet of the 45-60 % ammonium sulphate

precipitation was dissolved in 5 ml of buffer A and 1 ml of the solution was injected onto

each column, which were run under identical conditions at 4 °C. The best results were

obtained with the Phenyl HP column and the activity eluted at the end of the gradient

indicating that the affinity of the enzyme to the resin is high. Since the binding strength of
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hydrophobic resins is influenced by temperature (lower temperature, lower affinity)

running the column at room temperature, instead of 4 °C, could retain the desired protein

on the column for a longer time leading to a better separation. Therefore the Phenyl HP

column was eluted under the same conditions as described before but at room temperature.

The resulting chromatogram is shown in Figure 5.3.

min

Figure 5.3 Chromatogram obtained with Phenyl HP (1 ml) column after injection of
redissolved ammonium sulphate precipitate (45-60 %). Composition of buffer A, conductivity and

absorption at 280 nm is shown.

After the protein mixture was injected, the column was washed with buffer A for about 8

min and as can be seen in Figure 5.3 a substantial amount of protein did not bind to the

column. During the gradient elution more protein began to elute after 14 min but fractions

were not collected before 24 min (highlighted area) as it was known from previous runs at

4 °C that the enzyme binds strongly to the resin and elutes at the very end of the gradient.

Fractions were analysed for production of 5'-FDA 103 by analytical HPLC after

incubation of eluant (96 pi) with SAM (0.4 mM) and KF (10 mM) at 37 °C in a final

volume of 100 pi for 16 h. The main fluorinase activity eluted in the highlighted area

between 26 and 29 min (Figure 5.3). The separation at room temperature represented an
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improvement to the conditions used at 4 °C as the desired protein was retained for a longer

period on the column and was therefore more effectively separated from the bulk of the

protein which eluted from the column between 15 and 23 min.

The procedure was scaled up by packing a column with the same resin (Phenyl HP, 40 ml)

equilibrated with buffer A (50 mM Tris buffer, pH 7.8 supplemented with 1 M

(NH^StTO). In a typical procedure, cell-free extract was prepared from 8-10 g of cells (~

3 mg protein/ml) and ammonium sulphate added to 45-60 % saturation. The resulting

protein pellet was redissolved in 3-4 ml of buffer A (~ 1.8 mg protein/ml) and this solution

was applied to the equilibrated Phenyl HP column. The column was washed (2 ml/min)

with approximately two column volumes of buffer A and subsequently eluted over a

gradient to 100 % buffer B (50 mM Tris buffer, pH 7.8 ) over 80 min at a flow rate of 2

ml/min. The resulting chromatogram of such a purification is shown in Figure 5.4.

min

Figure 5.4 Chromatogram obtained with Phenyl HP (40 ml) column after injection of
redissolved ammonium sulphate precipitate (45-60 %). Composition of buffer A, conductivity, pH
and absorption at 280 nm is shown.
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The elution profile is similar to the chromatogram shown in Figure 5.3. Some protein does

not bind to the resin under the described conditions and the majority of protein is eluted

from the column at a buffer ratio of 1:1 (A:B). The main difference between the small and

the large scale separations is the resolution of the peaks at the end of the separation (110

min -140 min). Whereas the resolution of the small column is quite poor between 22 and

30 min, the peaks obtained with the large column are almost baseline separated. The

eluted fractions were analysed by analytical HPLC in the same manner as described before

and the production of 5'-FDA 103 from SAM 91 and KF was detected by the proteins

which eluted in the highlighted peak of the chromatogram shown in Figure 5.4. The

average volume, which contained the activity was ~ 12-14 ml with a protein concentration

of 0.3-0.4 mg/ml.

The application of hydrophobic interaction chromatography as a second purification

proved to be very efficient as it removed a substantial amount of protein. The resolution of

the column was excellent and allowed the collection of a single peak which contained the

fluorinase enzyme activity. Furthermore, the ammonium sulphate after the first

purification step does not have to be removed, a procedure which would usually involve

either dialysis or desalting using an appropriate desalting column. Clearly this simplifies

the purification process.

5.1.4 Protein purification by gel-filtration chromatography

For the next purification step, gel-filtration chromatography was considered. The principle

of this chromatographic technique is the separation of proteins according to their size and

shape making it a very mild separation method usually with a high recovery of active

enzyme. Larger proteins move faster through the gel than smaller ones. As the buffer used
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does not affect the quality of the separation, another advantage is that the sample obtained

from the hydrophobic interaction chromatography only requires concentrating prior to

injection onto the gel-filtration column. The gel-filtration column can be equilibrated and

eluted in any buffer of choice, normally the buffer to be used in the subsequent purificaton

step.

The sample from the hydrophobic phenyl HP column (~ 12-14 ml) was concentrated to 2

ml and injected on the gel filtration column (Superdex 200, 60 x 16, Pharmacia Amersham

Biotech) equilibrated with Tris buffer (50 mM, pH 7.8). The column was then eluted with

the same buffer at a flow rate of 1 ml/min and the eluant automatically fractionated (1.5

ml). The fractions were incubated and analysed by analytical HPLC as before. As can be

seen from the chromatogram shown in Figure 5.5, two major protein peaks were obtained

and the active enzyme was found in the first peak (highlighted area) eluting between 60

and 66 ml .

Figure 5.5 Chromatogram obtained by gel filtration chromatography using a Superdex 200
column. The highlighted area represents elution of the active enzyme.

This purification gave good separation and reduced the amount of protein present by

approximately 50 %. Since the method separates proteins according to size and shape, it is

unlikely that two different proteins will co-elute. Additionally, the symmetrical nature of
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the peaks appears to indicate that only one major protein is eluting in each case. However,

there is no baseline separation between the two peaks indicating that small amounts of

other proteins are also present.

5.1.5 Protein purification by anion exchange chromatography

The combined active fractions from the previous purification step (6 ml) were directly

applied to a strong anion exchange column (15Q, 10 ml) equilibrated with Tris buffer (50

mM, pH 7.8). The column was initially eluted using a gradient method from 100 % Tris

buffer (A) to 100 % Tris buffer containing 1 M KC1 (B) over 80 ml at a flow rate of 2

ml/min. One main peak could be observed to elute at 30 % concentration of B followed by

a few minor peaks. The majority of the enzyme activity was found to be contained within

the main peak and therefore conditions were optimised in order to give the best separation

of this peak. Subsequent elution was performed with 70 % Tris buffer and 30 % Tris

buffer containing 1 M KC1 (B) over 80 ml at a flow rate of 2 ml/min. After this time, the

conditions were maintained for a further 20 ml (10 min) and the column was then eluted

with 100 % B for 20 min (40 ml) to remove any residual matter still present on the column.

Two ml fractions were collected. Incubation and HPLC analysis of protein containing

fractions was performed as previously described. The chromatogram recorded shows two

peaks (Figure 5.6). The main peak (highlighted area) was found to contain enzymic

activity after incubation and HPLC analysis (~ 0.2 mg protein/ml). No fluorinase activity

could be detected for the second peak. Although the second peak has an absorbance of

approximately 25 % of the first peak, the protein concentration was very low (< 0.05 mg

protein/ml), suggesting that this peak is an artefact of the high KC1 concentration present in

the buffer.
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volume [ml]

Figure 5.6 Chromatogram obtained by anion exchange chromatography using a source 15Q
column. The highlighted area represents the active enzyme eluted

5.1.6 Analysis by polyacryl gel electrophoresis (PAGE)

The purity of each purification step was monitored by SDS PAGE and it became clear that

one major band with a molecular mass of approximately 34 kDa became more

predominant during each step. The SDS PAGE of the final purification step is shown in

Figure 5.7 and the major band can clearly be identified on the gel. There is a second

protein band present with an approximate molecular mass of 68 kDa. It was believed that

one of the two bands is an impurity and accordingly further attempts to purify the

fluorinase enzyme to homogeneity were carried out. A variety of different

chromatographic resins were tried, including hydroxyapetite, cation exchange, weak anion

exchange and affinity chromatography, in order to separate the two protein bands.

However, all of the attempts were unsuccessful.
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Figure 5.7 Gel (8 % acrylamide) after SDS PAGE of fractions containing the enzyme activity

during purification. Lanes: M, marker MBP-P-galactosidase [175 kDa], MBP-paramyosin [83

kDa], glutamic dehydrogenase [62 kDa], aldolase [47.5 kDa], triosephosphate isomerase [32.5

kDa] and P-lactoglobulin A [25 kDa]; 1, final purification step (anion-exchange chromatography).

None of the applied techniques resulted in the separation of these two bands suggesting

that they are related and that neither is an impurity. Enzymes often consist of subunits

whereby several monomeric constitute the active enzyme. When these proteins are

identical, the enzyme is an homomer whereas the combination of non-identical subunits is

called hetromer. Therefore, it was considered that the protein solution obtained after

anion-exchange chromatography was the purified fluorinase enzyme, which after analysis

by gel electrophoresis under denaturing conditions (SDS PAGE) shows two bands. Due to

the denaturing conditions, the three-dimensional structure of an enzyme is damaged and

the subunits dissociate. In the case of identical subunits, a single band would appear by

SDS PAGE whereas non-identical subunits would lead to the appearance ofmore than one

band according to the number of different subunits. Therefore, the two bands present after

analysis by SDS PAGE of the anion-exchange step could represent an enzyme consisting

of two different proteins with the molecular masses of ~34 kDa and ~68 kDa. To shed

168



Chapter 5

some light an this a gel electrophoresis was run under non-denaturing conditions (native

PAGE). Therefore, the protein sample was not treated with mercaptoethanol or heated to

90 °C and the gel was run under similar conditions as before but in the absence of sodium

dodecyl sulfate (SDS).

1 2 3

Figure 5.8 Native gel (8 % acrylamide) of combined fractions after the anion-exchange

chromatography purification step. Each lane contains the same protein solution.

As can be seen in Figure 5.8 the native gel after electrophoresis shows a single band. This

observation clearly indicates that the eluate obtained after anion exchange chromatography

contains only a single protein and that the two bands observed by SDS PAGE are related.

The results also show that the fluorinase enzyme has been purified to homogeneity in 4

purification steps, involving ammonium sulphate precipitation, hydrophobic interaction

chromatography, gel-filtration chromatography and anion-exchange chromatography.

However, at this point is was still unclear if the two bands obtained by SDS PAGE are

indeed the result of two different subunits. By comparing the molecular weight of both

protein bands, it was questioned whether it was co-incidental that the heavier protein (-64

kDa) was exactly twice the size of the lighter protein (-34 kDa). To denature protein for
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SDS PAGE, the protein sample is treated with mercaptoethanol, in order to cleave any

disulphide bonds. In some cases, it appears that these free thiol groups re-react with each

other leading to the formation of protein dimers. This would explain why the analysis by

SDS PAGE shows two protein bands with one twice the mass of the other (Figure 5.7). To

overcome this kind of problem protein samples can be treated with a stronger reducing

agent such as dithiothreitol (DTT) or in even more difficult cases the protein sample is first

treated with DTT and then with iodoacetamide to complexate free thiol groups which

arrests any recombination (Scheme 5.1).

HS-R f^NH2 R
DTT i +

R-S-S-R + ^

HS-R 9
r-s^ANH2

Scheme 5.1 Reduction of disulphide bonds with DTT followed by treatment with
iodoacetamide to complexate free thiol groups.

Accordingly, three samples containing purified fluorinase enzyme were treated as

followes. Sample 1 (20 pi) was prepared with sample buffer (20 pi) containing DTT (100

mM) and subsequently heated to 90 °C for 3 min. Sample 2 was treated in the same way

as sample 1 but after heating, iodoacetamide (400 mM) was added to the solution. Sample

3 (20 pi) was prepared by adding sample buffer (20 pi) containing mercaptoethanol (2.5

%). SDS PAGE analysis was carried out by loading the gel with marker proteins (5 pi,

lane M), sample 1 (15 pi, lane 1), sample 2 (15 pi, lane 2) and sample 3 (15 pi, lane 3).
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Figure 5.9 Gel (8 % acrylamide) after SDS PAGE of pure enzyme treated with different

reducing agents. Lanes: M, marker MBP-[3-galactosidase [175 kDa], MBP-paramyosin [83 kDa],

glutamic dehydrogenase [62 kDa], aldolase [47.5 kDa] and triosephosphate isomerase [32.5 kDa];

2, pure enzyme treated with DTT and iodoacetamide; 3, pure enzyme treated with DTT; 4, pure

enzyme treated with mercaptoethanol.

From the resulting gel (Figure 5.9), it can be seen that in lanes 1 and 2 a single band of the

same molecular weight (-34 kDa) is observed, whereas lane 3 shows two bands, the major

one with a molecular weight of ~34 kDa and the other with a molecular weight of

approximately 68 kDa. As sample 3 (lane 3) has been treated as previously (with

mercaptoethanol), the appearance of two bands was expected. The disappearance of the

heavier protein band in lanes 1 and 2 when treated with DTT or DTT and iodoacetamide

therefore appears to be the result of the stronger reducing agent which fully dissociates the

protein dimer.

The results indicate that the fluorinase enzyme constitute of identical subunits and is

therefore a homomer. With this information in hand, it was found that for analysis by SDS

PAGE, the protein solution requires treatment with DTT instead of mercaptoethanol. It

was then possible to analyse the pooled active fractions after each purification step by SDS

PAGE and the resultant gel is shown in Figure 5.10.
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Figure 5.10 Gel (8 % acrylamide) after SDS PAGE of pooled active fractions containing the

enzyme activity during each purification step. Lanes: M, marker MBP-p-galactosidase [175 kDa],

MBP-paramyosin [83 kDa], glutamic dehydrogenase [62 kDa], aldolase [47.5 kDa],

triosephosphate isomerase [32.5 kDa] and P-lactoglobulin A [25 kDa]; 1, crude cell-free extract; 2,
ammonium sulphate precipitation; 3, hydrophobic interaction chromatography; 4, gel-filtration; 5,

anion-exchange chromatography.

5.1.7 Purification table for the fluorinase enzyme

Determination of the total and specific activities of the fluorinase enzyme after each

purification step was problematical for the crude cell-free extract and the ammonium

sulphate purification step. To determine the activity, the amount of 5'-fluoro-5'-

deoxyadenosine 103 (5'-FDA), the enzymatic reaction product of the fluorinase enzyme,

was determined by analytical HPLC. The problem with an accurate determination of the

enzyme activity is caused by the deaminase enzyme, which is also present in the crude

cell-free extract and after the first purification step. Since the deaminase converts 5'-FDA

103 to 5'-fhtoro-5'-deoxyinosine 104 (5'-FDI), the amount of 5'-FDA 103 produced by the

fluorinase has to be corrected by the quantity of 5'-FDI 103 which is produced in the same
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time. The enzymatic production of 5'-FDA 103 is easily determined by HPLC, using the

synthetic reference material (S.L. Cobb) and an appropriate calibration curve was

developed using the HPLC method described in Section 5.1.1. The same method is also

capable of detecting 5'-FDI 104 (see Figure 5.1) but as the compound is not commercially

available and has not been synthesised, an appropriate concentration/intensity curve for 5'-

FDI 104 could not be easily developed. A compound almost identical to 5'-FDI 104 is

inosine 105, which contains an hydroxyl group at the C5' position instead of the fluorine

(Figure 5.11).

Figure 5.11 5'-FDA 103, adenosine 95, 5'-FDI 104 and inosine 105.

In order to test the potential use of inosine 105 as a substitute for 5'-FDI 104, a model

system was used whereby the peak areas of commercially available adenosine 95 and the

synthesised 5'-FDA 103 were compared (for structures see Figure 5.11). A sample was

prepared containing both compounds (5'-FDA and adenosine) at the same concentration

and an aliquot (20 pi) was analysed by analytical HPLC under the conditions described in

Section 5.1.1. The resulting HPLC chromatogram revealed that both compounds give the

same peak area, indicating that the replacement of a fluorine atom for hydroxyl does not
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affect the absorption properties of these compounds. It was assumed that the same should

be applicable for inosine and therefore the concentration of enzymatically produced 5'-FDI

104 was determined using an inosine 105 calibration curve.

Crude cell-free extract (960 pi) and pooled active fractions (960 pi) of each purification

step were incubated with SAM (0.4 mM) and KF (10 mM) in a final volume of 1000 pi at

37 °C for 60 min. (The protein pellet obtained after ammonium sulphate precipitation was

desalted prior to analysis). A sample (100 pi) was taken every 10 min and heated to 90 °C

for 3-5 min to inhibit any enzymatic activity. The protein precipitate was spun down by

centrifugation and the clear supernatant (20 pi) was analysed twice by analytical HPLC.

The concentrations of enzymatically produced 5'-FDA 103 and 5'-FDI 104 were

determined by comparing the corresponding peak areas of these two compounds with the

developed calibration curves of synthetic 5'-FDA 103 and inosine 105 respectively. It was

found that in all cases the production of 5'-FDA 103 was linear over the whole time period

of 60 min. The resulting purification table is shown in Table 5.1.

Table 5.1 Purification table of the fluorinase enzyme from Streptomyces cattleya.

Sample Volume

[ml]
Total

protein
[mg]

Total

activity
[ur

Specific
activity
[U/mg]

Yield

[%]

crude cell-free extract 80 243.2 216.77 0.89 100

desalted 45-60% (NH4)2S04 pellet 10 17.9 167.96 9.38 77

Hydrophobic interaction 12 4.7 102.02 21.71 46

gel-filtration 6 1.3 175.32 134.86 80

anion exchange 4 0.8 113.00 141.25 51

One unit (U) is defined as the amount of enzyme required to synthesise 1 pM of 5'-FDA min"1
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Although the specific activity increases after each purification step, as expected, closer

examination of the data for the total activity shows rather unexpected results. Generally,

the total enzyme activity will drop after each purification step as some enzyme denatures

due to the conditions used for purification and enzyme is lost by pooling only those

fractions with highest activity. In this case, the total activity increases very significantly

after gel-filtration chromatography to a value of 175.32 U, which is higher than the value

obtained from the desalted ammonium sulphate protein pellet.

An experiment was conducted to test the effect of (NFLO2SO4 and KC1 in comparison to an

enzyme solution which did not contain any added salts. Two samples of the partially

purified fluorinase enzyme after gel-filtration were incubated at 37 °C with SAM (0.4 mM)

and KF (10 mM) in the presence of (NH^SC^ (300 mM) and KC1 (400 mM) respectively.

The salt concentrations used are approximately those present after hydrophobic interaction

and anion exchange chromatography. A control experiment was conducted, which was

incubated in the same manner but without the addition of salt. After 3 h, all of the samples

were heated to 90 °C and precipitated protein was removed by centrifiigation. The clear

supernatant (20 pi) from each sample was analysed by analytical HPLC to determine the

amount of 5'-FDA 103 produced. The results were unambiguous. In the presence of

either (NH^SC^ or KC1, the production of 5'-FDA 103 was approximately 25 % lower in

comparison to the sample which did not contain any salt. The decrease in activity of

enzymes in the presence of mono- or bivalent ions is not unusual. In this case, it seems

more likely that the reduced activity is due to monovalent ions, as KC1 does not contain

bivalent ions and although (NFLO2SO4 does, the level of deactivation is the same. These

findings were supported by a similar experiment where partially purified enzyme after gel-

filtration chromatography was incubated with SAM 91 and KF in the presence of Mg2+

ions and no adverse effect was detected. The results provide an explanation for the
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unexpected activity profile obtained during the purification of the fluorinase enzyme

(Table 5.1).

5.2 Some biochemical properties of the fluorinase enzyme

5.2.1 Molecular mass determination

Analysis of the fully purified fluorinase enzyme by SDS PAGE (Figure 5.10) showed a

monomer of approximately 34 kDA. Accurate analysis by MALDI TOF revealed a mass

of 32.2 kDa for the subunit of the fluorinase enzyme. The native mass of the enzyme was

determined using a HiLoad 16/60 Superdex 200 gel-filtration column, which was

calibrated using the following reference proteins: apoferritin (443 kDa), p-amylase (200

kDa), albumin (66 kDa) and myglobin 17.8 kDa). Passing the purified fluorinase enzyme

through the same column revealed a native mass of approximately 180-190 kDa indicating

that the enzyme is probably a hexamer.

5.2.2 Effect of temperature and EDTA on enzyme activity

The effect of temperature on the enzyme was investigated by conducting an assay over a

range of temperatures from 25-70 °C using partially purified enzyme obtained after gel-

filtration chromatography. Partially purified enzyme was pre-incubated for 5 min at the

desired temperature in the presence of KF (10 mM) before the reaction was initiated by the

addition of SAM 91 (0.4 mM). The samples were left at the set temperatures for 60 min
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after which time the reaction was stopped by heating to 90 °C. The precipitated protein

was removed by centrifugation and the clear supernatant from each sample was analysed

by analytical HPLC for 5'-FDA 103 production. The results show that the optimal

temperature was 55 °C. Addition of EDTA (1 mM) increased enzyme activity by 25 %,

indicating that the enzyme may be sensitive to trace amounts ofmetal ions but the presence

ofMg2+ (1 mM) did not affect the activity.

5.2.3 Inhibition studies using A-adenosyl-L-homocysteine (SAH)

The inhibition ofmost SAM dependent enzymes by S-adenosyl-L-homocysteine 94 (SAH)

is widely reported in the literature.164 When the purified fluorinase enzyme was incubated

for 2 h with SAM 91 (0.4 mM) and KF (10 mM) in the presence of SAH 94 at three

different concentrations (0.4 mM, 0.8 mM and 1.2 mM) no production of 5'-FDA 103 was

observed with the concentrations of SAH 94 of 0.8 and 1.2 mM. A very small amount of

5'-FDA 103 (0.2 p.g/ml) was synthesised in the presence of 0.4 mM SAH 94. The control

experiment, which did not contain SAH 94, showed good production of the fluorinated

compound (4 pg/ml). The results show that the enzyme is probably competitively

inhibited by SAH 94.

5.2.4 Determination ofN-terminal and internal amino acid sequences

The N-terminal amino acid sequence (25 amino acids) of the completely purified

fluorinase (determined using an Applied Biosystems Procise 491 sequencing instrument)

was found to be NH2-Ala-Ala-Asn-Ser-Thr-Arg-Arg-Pro-Ile-Ile-Ala-Phe-Met-Ser-Asp-
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Leu-Gly-Thr-Thr-Asp-Asp-Asp-Val-Ala-Gln-. A database search using the BLAST

program revealed a 48 %homology with the N-terminal sequences (residues 1-32) of Xhol

methylase from Xanthomonas campestris pv. Holcicola. The enzyme is responsible for the

methylation of DNA in a SAM dependent process. After trypsic digest of the purified

protein two small peptides (12 kDa and 15 kDa) were isolated and their amino acid

sequences were determined as -Gly-Gln-Trp-Ala-Gly-Ser-Gly-Ala-Gly-Phe-Glu-Arg- and

-Val-Ile-Pro-Glu-Gln-Pro-Glu-Pro-Thr-Phe-Tyr-Ser-Arg- respectively. Currently the

amino acid sequence data is being used to target the gene for the fluorinase enzyme in

collaboration with Dr. J. Spencer at Cambridge University.

5.3 Potential application of the fluorinase enzyme in positron emission

tomography

Positron emission tomography, or PET scanning, is a nuclear medicinal technique used to

image metabolic activities in body organs. In PET, a very small amount of a radioactive

drug is administered to a patient, usually by injection. The radioactive drug can be

adsorbed by different parts of the body depending on which particular drug is used.

Currently, the most widely used radiotracer for basic research and clinical diagnosis is

fluorine-18 labelled fluorodeoxyglucose, also called FDG. The study of the human brain

was revolutionised in the 1970s with the development of the positron emitter177 which

could image brain function in humans. Once injected into the body, FDG proceeds to

areas where glucose is used for energy. The brain utilises glucose as its primary source of

energy, and so FDG is channelled to the brain, and, in particular, to those parts of the brain

that are actively burning glucose for energy. The patient is then placed in a machine

known as a PET scanner. The PET scanner consists of thousands of small radiation
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detectors that measure the radiation being emitted by the radioactive drug within the

patient. In this way, the PET scanner can produce 3D images to show where the

radioactive drug is in the body. In the case of FDG, these images highlight those areas of

the body that are actively burning glucose for energy. Other radioactive drugs besides

FDG can also be used to measure other aspects of how the body works such as the rate of

blood flow in certain organs and how certain cells in the body, such as nerve cells,

communicate with each other.

In many cases, PET scanning is used to either find or to asses the extent of a disease within

a patient. PET scanning is commonly used for such diseases as epilepsy, Alzheimer's

disease and cancer.

In cancer, PET scanning can be used to find a tumour using FDG.178 Cancerous cells

absorb more of the radioactive glucose than normal cells since cancer cells metabolise

glucose at a rate of approximately 20 times than that of normal tissue. As the tumour uses

the administered glucose source, the fluorine-18 is also absorbed and therefore a signal that

can be detected by the PET camera is emitted. The PET scanner then assembles these

high-energy particles into an image. Areas of concern are highlighted in a three-

dimensional image.

PET scanning is also used in research to gain a better understanding of how our bodies

work, learning about dyslexia and disabilities, drug abuse, as well as the biological effects

of social stress and the ageing process.

Positron emitting isotopes are the key to patient treatment. Generally, such isotopes are

short-lived and generated with a cyclotron. A cyclotron is a particle accelerator which

produces positron-emitting elements or short-lived radioisotopes. These radioisotopes are

then synthetically incorporated into other chemical compounds prior to injection into a

patient. The most commonly used isotopes are nC and 18F. The use of 18F offers a number

of advantages over 1 'C as a PET radionuclide, primarily because of its longer half-life (110
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minutes for l8F versus 20 minutes for nC). The very short half-life of the isotopes is the

main limitation of the application of PET, as chemical methods for the rapid incorporation

of the radioisotope into an organic molecule are limited. For example, aliphatic fluorine-
• • 1 R

18 labelled compounds are commonly produced by nucleophilic substitution with [ F]F"

for a good leaving group (i.e. halogens, sulfonates, cyclic sulfamidates) in a polar aprotic

solvent (i.e. acetonitrile, dimethylsulfoxide). Alternative routes are not readily available

and new methods for radiofluorination could make a considerable impact in the area. Ideal
1 o

# t

methods for the incorporation of F should be a quick, selective and chemically clean,

with no labelled by-products. Enzymes contain all these attributes and clearly the
1 o

fluorinase enzyme presented an opportunity to produce 5'-[ F]-fluoro-5'-deoxyadenosine

103a from SAM 91 and [18F]HF (Scheme 5.2).

Scheme 5.2 Enzymatic radiolabelling of 5'-[l8F]-fluoro-5'-deoxyadenosine 103a from SAM
and [l8F]HF catalysed by the fluorinase enzyme.

Since fluorine-18 was required for the experiments, this work was carried out in

collaboration with the GlaxoSmithKline, Clinical Pharmacology Discovery Medicine unit

at The Addenbrooke's Hospital in Cambridge (UK). Fluorinase enzyme was partially

purified by ammonium sulphate precipitation (45-60 %) and anion exchange

chromatography using the same conditions as described in Section 6.2.16. The protein

solution (~ 0.4 mg/ml) was stored at -80 °C in 200 pi portions and used when required.
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In a typical experiment, a defrosted sample of partially purified fluorinase enzyme was

incubated with SAM 91 (5 pi, 20 mM) and aqueous [18F]HF (40 pi, solution in [lgO]H20)

at 28 °C for 1-5 h. Aliquots were collected at different times and passed through a small
1 8

anion exchange column (SAX, Alltech) to trap unreacted F-ion and protein. Up to 100 pi

were analysed by analytical HPLC under the conditions described in Section 5.1.1. The

HPLC system (Beckman Coulter, 32 Karat) was coupled to a diode array detector followed

by a radioactive detector. Analysis of the aliquots by radio-HPLC showed two radioactive

peaks (Figure 5.12). The first radioactive signal (top chromatogram, upside down) with a

retention time of 3.6 min elutes on the reverse-phase column with the dead volume of the

column and is consistent with unreacted [18F]fluoride or polar products such as

1 8

[ F]fluorine bound to proteins.

Figure 5.12 Combined HPLC chromatograms obtained from radioactive detector (top) and
diode array detector at 260 nm (bottom) after injection of an aliquot collected after 3 h.

A second radioactive peak was detected at 15.6 min, but no corresponding peak in the

chromatogram recorded by the diode array detector (bottom chromatogram, Figure 5.12)

could be observed. Since the aqueous solution of [18F]HF only contains pico molar
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amounts of the fluoride-18 ion, high incorporations cannot be expected under non

optimised conditions and therefore no 5'-[18F]-FDA 103a is detected by UV. However,

the radioactive detector is highly sensitive and a small peak corresponding to an organic

molecule containing incorporated 18F is clearly observable. In order to confirm that the
• • 18

detected peak with a retention time of 15.6 min is enzymatically produced 5'-[ F]-fluoro-

5'-deoxyadenosine 103a, the sample was re-analysed by co-injection with synthetic 5'-

FDA 103 (Figure 5.13).

0 5 10 Time (min) 15 20

Figure 5.13 Combined HPLC chromatograms obtained from radioactive detector (top) and
diode array detector at 260 nm (bottom) after co-injection of synthetic 5'-FDA 103 with

enzymatically produced 5'-[18F]-fluoro-5'-deoxyadenosine 103a.

As can be seen, the UV signal of the reference compound co-eluted with the radioactive

peak eluting at 15.6 min. The apparent difference in the retention times (approx. 0.5 min)

is due to the physical separation of the radioactivity and diode array detectors.
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10

The results confirm that the second radioactive peak detected is indeed 5'-[ F]-FDA 103a,

which has been generated by the fluorinase enzyme using SAM 91 and [18F]HF. Although

the yields of the reaction are very low (< 1 %), the successful enzymatic radiofluorination

at the first attempt is significant and provides a foundation for future optimisation. An
10

examination of the literature indicates that this is the first enzymatic formation of an F

compound and it could have significant potential application in PET studies.

5.4 Conclusions

In summary it has been shown, that in S. cattleya a novel fluorinase enzyme is present that

can convert S-adenosyl-L-methionine 91 and fluoride ion to 5'-fluoro-5'-deoxyadenosine

103. The enzyme mediates a carbon-fluorine bond formation, which has not been reported

in the literature as such. Although Withers and co-workers103 generated an enzyme which

is also capable of forming a C-F bond (Section 1.6), the engineered glycosidase is not a

true fluorinase and demands very high fluoride concentrations (2 M) to perform the

reaction. The fluorinase in S. cattleya requires only mM quantities to catalyse the

described reaction. The enzyme was purified efficiently purified to homogeneity in 4 steps

using ammonium sulfate precipitation, hydrophobic interaction chromatography, gel-

filtration cheromatography and anion exchange chromatography. The enzyme was found

to be a hexamer with the molecular mass of approximately 180-190 kDa.

As a potential application of the fluorinase enzyme, positron emission tomography was

investigated and it was shown that partially purified enzyme was capable of generating 5'-

[18F]-FDA 103a after incubation with SAM 91 and an aqueous solution of [18F]HF. The

enzymatic radiofluorination of an organic molecule is a novel route to the incorporation of
1 8
F and might have a potential application in the future.
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Experimental

6.1 Chemical procedures

NMR spectra were recorded on Bruker AC 300, Varian VXR-400S, Varian Unity 300,

Varian Mercury 200 or Varian Oxford 500 spectrometers. Chemical shifts are quoted in

ppm relative to CDCI3, D2O, DMSO or CD3OD. Coupling constants are given in Hz.

Melting points were measured on a Gallenkamp variable heater and are uncorrected.

Reaction glassware was dried in an oven at 200 °C and cooled in a dry atmosphere of

nitrogen. Reaction solvents were dried and freshly distilled prior to use. Reactions

requiring anhydrous conditions were conducted under an atmosphere of dry nitrogen and

thin layer chromatography was carried out on Merck, Kieselgel 60, F254 aluminium and

glass backed plates. Visualisation of plates was achieved by using a UV lamp or

permanganate stain. Column chromatography was carried out over silica gel Merck,

Kieselgel 60, 230-400 mesh.

6.1.1 [l,l-2H2]-Ethanolamine109

OH

50a

Glycine methyl ester hydrochloride 51 (5.0 g, 40.0 mmol) was added slowly over 15 min

to a stirred solution of LiAl2H4 (2.13 g, 50.7 mmol) in dry THF (50 ml) at 0 °C. The

mixture was heated under reflux for 3 h and then the reaction was cooled to ambient
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temperature. The reaction was quenched by the dropwise addition of saturated Na2SC>4

solution until effervescence ceased and a white solid was formed. After stirring for a

further 30 min, the precipitate was collected by filtration and extracted into tetrahydrofuran

(600 ml) by Soxhlet extraction for 18 h to give a pale yellow solution. The solvent was

removed in vacuo to give a yellow/brown viscous oil, which was then purified by

Kugelrohr distillation (100 °C, 10 mmHg), to yield [1,1- H2]-ethanolamine 50a as a pale

yellow oil (1.86 g, 73 %).

5h (200 MHz; D20) 2.54 (2H, s, CH2N); 5C (50.3 MHz; D20) 42.4 (CH2NH2), 62.5 (p, J

21.8, C2H2OH); m/z (EI) 63 ([M]+, 7.0 %), 33 ([C2H2OH]+, 5.5 %), 30 ([CH2NH2]+, 100

%).

6.1.2 Preparation of fluoroacetaldehyde 100

o

2-Fluoroethanol 29 (1 ml, 17.0 mmol) was added to suspension of pyridinium dichromate

(PDC) (2.00 g, 5.3 mmol) in dichloromethane (30 ml) and the reaction was heated under

reflux for 16 h. The reaction was allowed to cool and the solution distilled into a

separating funnel containing water (5 ml). After mixing, the organic layer was separated

and extracted with a further volume of water (5 ml). The aqueous layers were combined

and both the organic and aqueous layers analysed by 19F NMR analysis.

Fluoroacetaldehyde hydrate was present in the aqueous layer at a final concentration of 40

mM. The sample also contained approximately 80 % residual 2-fluoroethanol 29.

F

15
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8f (188 MHz; D20) -224.5 (80 %) (4H, tt, 2J 47.6,3J 32.1, fluoroethanol 29), -231.0 (20 %)

(4H, dt, 2J 46.7, 3J 10.0, fluoroacetaldehyde 15).

6.1.3 /7flra-Phenylphenacyl fluoroacetate 87

Sodium fluoroacetate 1 (7.27 g, 72.7 mmol) and a catalytic quantity of 18-crown-6 (0.3 g,

1.1 mmol) were added to a solution of /?ara-phenylphenacyl bromide 46 (20.0 g, 72.7

mmol) in a 1:1 mixture of acetonitrile and toluene (280 ml). The mixture was heated under

reflux for 16 h. After cooling to room temperature, the reaction mixture was washed with

water (2x 100 ml) and then the solvent removed under reduced pressure to yield a yellow

solid (15.8 g, 87.6 %). A small quantity was recrystallised from dichloromethane for

analytical purposes.

mp 140 - 142 °C (lit. 138 °C); 8H (200 MHz; CDC13) 5.08 (2H, d, 2J 46.8, CH2F), 5.52

(2H, s, CH20), 7.38 - 7.54 (3H, m, H-8, 8' & H-10), 7.58 - 7.66 (2H, m, H-9, 9'), 7.72

(2H, d, 3J 8.2, H-5, 5'), 7.99 (2H, d, 3J 8.2, H-4, 4'); 8C (50 MHz; CDC13) 66.4 (CH20),

77.4 (d, 1JCF 182.3, CH2F), 127.4 (Ph CH), 127.6 (Ph CH), 128.3 (Ph CH), 128.5 (Ph CH),

129.0 (Ph CH), 132.4 (C-3), 139.5 (C-7), 146.9 (C-6), 167.4 (d, 2JCF 22.3, COCH2F),

190.4 (COCH20); 8f (188 MHz; CDC13) -231.06 (t, 2J 46.6); m/z (EI) 272 ([M]+, 9.5 %),

182 ([M+H-FCH2COOCH2]+, 13.7 %), 181 ([M-FCH2COOCH2]+, 100 %), 152 ([M-

FCH2COOCH2CHO]+, 65.9 %).

O F

45
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6.1.4 [l,l-2H2]-2-Fluoroethanol109'179

OH

F

29a

para-Phenylphenacyl fluoroacetate 45 (6.8 g, 25.0 mmol) was added over 20 min to a

suspension of LiAl2H4 (1.4 g, 33.3 mmol) in DEE (40 ml) at -10 °C (ice / acetone slush

bath). The resultant suspension, which was yellow-green in colour, was allowed to warm

to room temperature and was stirred for a further 3 h whereupon the colour of the

suspension turned white. After this time, the reaction was quenched by the addition of 2-

phenoxyethanol (20 ml) and left to stir overnight. [1,1- H2]-2-Fluoroethanol 29a was then

distilled from the reaction vessel via a vigreux column at atmospheric pressure. The vessel

was cooled, DCM (5 ml) was added and the resulting solution was distilled together with

residual [1,1- H2]-2-fluoroethanol 29a. This process was repeated with 10 further volumes

of DCM (5 ml) and all the distillates were combined. The sample was found to contain

acetic acid.

5h (200 MHz; CDC13) 1.11 (3H, s, CH3C02H), 4.43 (2H, d, 2JHF 47.7, CH2F); 8F (188

MHz; CDC13) -227.4 (tp, 2J 47.6,3J 4.37).

6.1.5 [l-2H]-Fluoroacetaldehyde18061

o

F

15a

187



Chapter 6

2
Pyridinium dichromate (PDC) (1.0 g, 2.7 mmol) was added to a solution of [1,1- H2]-2-

fluoroethanol 29a in DCM/DEE (90 ml) and the reaction was heated under reflux for 18 h.

After cooling, the [l-2H]-fluoroacetaldehyde 15a and DCM/DEE mixture was distilled at

atmospheric pressure. The organics were extracted with water (4x 2ml) and the aqueous

layers were combined. The mixture contained both [l,l-2H2]-2-fluoroethanol 29a and [1-

2H]-fluoroacetaldehyde 15a.

5f (D20; 188 MHz) -227.6 (45 %) (tm, 2J 47.6, [l,l-2H2]-2-fluoroethanol 29a), -233.6 (55

%) (t, 2J 46.1, [l-2H]-fluoroacetaldehyde 15a).

6.1.6 A/,0-Diacetyl-[l-2H2]-ethanolamine111

'y
Acetic anhydride (6 ml, 64 mmol) was slowly added to [1,1- H2]-ethanolamine 50a (2.0 g,

32 mmol) and heated with stirring at 130 °C for 1 h. After cooling to room temperature,

chloroform (50 ml) and water (50 ml) were added to the reaction mixture. The aqueous

layer was made basic to pH 10 with potassium carbonate and then the product extracted

into chloroform (lOx 50 ml). The organic layers were combined and dried (MgSO.*) and

the solvent removed in vacuo to give the crude product. Purification by column

chromatography over silica (EtOAc:MeOH, 9:1) gave the product as a clear, brown oil

(3.96 g, 84 %).

§H (300 MHz; D20) 1.99 (3H, s, CH3), 2.10 (3H, s, CH3), 3.45 (2H, s, CH2); 5C (75.5

MHz; CDC13) 20.8 (CH3), 23.1 (CH3), 62.6 (p, J 22.6, C2H2), 170.1 (NHCOCH3), 170.3

O

56a
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(COOCH3); m/z (CI) 148 ([M+H]+, 100 %), 88 ([M-CH3COO]+, 36.5 %), 30 ([C2H2CH2]+,

8.7 %).

6.1.7 [5-2H2] -2-Methyl-2-thiazoline 112

Me

57a

Phosphorus pentasulfide (0.45 g, 1.0 mmol) was added to A(0-diacetyl-[l- H2]-

ethanolamine 56a (1.5 g, 10.2 mmol) and the mixture heated slowly to 100 °C until

complete dissolution was achieved. The reaction mixture was transferred into a Kugelrohr

distillation apparatus and heated to 200 °C for 1.5 h at atmospheric pressure. After this

time, distillation was carried out under reduced pressure to afford a yellow oil (825 mg)

containing the product and acetic acid as an impurity. The oil (300 mg) was dissolved in

chloroform (20 ml) and water (20 ml) was added. The aqueous layer was made basic with

potassium carbonate (pH 12) and then the product extracted with chloroform (3x 20 ml).

The organic layers were combined and dried over MgSCU. The solvent was removed in

vacuo to give the product as a clear, yellow oil (281 mg, 73 %).

8h (300 MHz; CDCI3) 2.22 (3H, t, 5J 1.69, CH3), 4.28 (2H, br s, CH2); 5C (75.5 MHz;

CDCI3) 20.8 (CH3), 33.3 (p, J 21.9, C2H2), 62.7 (CH2), 169.9 (NCS); m/z (EI) 103 ([M]+,

63.3 %), 83 (18.3 %), 62 ([CH2C2H2S]+, 100 %), 55 (21.7 %).
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6.1.8 [l,l-2H2]-Cysteamine112

SH

49a

10 M HC1 (5 ml) was added to [5-2H2]-2-methyl-2-thiazoline 57a (250 mg, 2.43 mmol)

and the mixture heated at 130 °C for 48 h. After cooling to ambient temperature, water (30

ml) was added and unreacted starting material was removed by extraction into chloroform

(2x 30 ml). The aqueous layer was concentrated under reduced pressure and lyophilised to

yield a pale yellow solid (199 mg, 71 %).

mp 66-68 °C (dec) (lit.Refmp 70 °C); 8H (300 MHz; D20) 3.14 (2H, br s, CH2N); 5C (75.5

MHz; D20) 42.3 (CH2NH2), 21.2 (p, J 21.9, C2H2); m/z (EI) 79 ([M]+, 3.5 %), 46 ([M-

SH]+, 8.8 %), 49 ([C2H2SH]+, 4.0 %), 30 ([CH2NH2]+, 100 %).

6.1.9 [2-2Hx, 2-lsO]-glycerol

"OK
HOOk/OH

36e

[180]-Water (0.5 ml) and 1 M HC1 (0.01 ml) were added to dry (P2Os) dihydroxyacetone

58 (500 mg, 2.8 mmol) and the solution stirred at room temperature for 48 h. The reaction

mixture was diluted with freshly distilled MeOH (5 ml) and NaB2H4 (418 mg, 10 mmol)

was added over 5 min to the stirring solution at 0 °C. The mixture was stirred at room

temperature under nitrogen for 18 h. 6 M H2SC>4 (2 ml) was added and the reaction

mixture stirred for 2 h. A white precipitate formed and the solvent was removed under

reduced pressure to give a white solid. The solid was vigorously shaken with ethyl acetate
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(3x 20 ml) and the organic layers were combined. The solvent was removed in vacuo to

give the product [2-2Hi, 2-180]-glycerol 36e as a clear oil (446 mg, 85 %). The levels of

2H and 180 were 96 atom % and 64 atom % respectively, as determined by 13C-NMR and

GC/MS analyses. For GC/MS analysis, the sample was derivatised by the addition of N-

methyl-/V-(trirnethylsilyl)trifluoroacetamide (MSTFA) (0.1 ml) to a 1 mg/ml solution of

[2-2Hi, 2-180]-glycerol 36e in ethylacetate (0.5 ml) and heating at 80 °C for 1 h.

8h (300 MHz; D20) 3.75 (4H, 2x d, J 11.1 & 11.3, 2x CH2); 5C (75.5 MHz; CD3OD) 65.9

(CH2), 74.9 (t, J 21.4, C2HOH); m/z (EI), MSTFA derivative, 296 ([M-CH3]+, 6.4 %), 219

([M-18OH-SiMe3]+, 52.5 %), 208 ([M-CH2OSiMe3]+, 100 %), 147

([SiMe30CH2C2HCH20]+, 19.5 %), 120 ([CH3C2H18OSiMe3]+, 20.3 %), 103

([CH2OSiMe3]+, 19.5 %), 73 ([SiMe3]+, 56.8 %).

6.1.10 GC/MS analysis

GC/MS analysis was performed on an Agilent 5973 mass spectrometer equipped with a

HP-5MS capillary column (30 m x 250 pm x 0.25 pm) connected to a Agilent 6890 series

oven (St. Andrews). Alternatively samples were sent to Dr. Jack Hamilton, The Queen's

University Belfast for analysis.

6.1.10.1 Determination ofpara phenylphenacyl derivatives

The method developed by Hamilton et al. 61 was used to analyse acetate related

compounds in the culture supernatant or cell-free extract of S. cattleya. When cell-free

extract was used, proteins were denatured by heating at 95 °C for 5 min followed by
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removal of the precipitated protein by centrifugation (14000 rpm, 10 min). The

supernatant was then frozen and lyophilised. A solution of acetonitrile (0.5 ml) containing

18-crown-6 (20 mg/ml) and para phenylphenacyl bromide(20 mg/ml) was added together

with toluene (0.5 ml) to the lyophilised powder and heated at 75 °C overnight. After

cooling to room temperature, the samples were passed through a Pasteur pipette containing

a cotton wool plug and analysed by EI GC/MS. For analysis, the injection port of the gas

chromatograph and the transfer line to the mass spectrometer were maintained at 280 °C.

The oven was initially held at 100 °C for 1 min and was then ramped at 10 °C min"1 to 300

°C, where it was held for a further 5 min. Samples (0.1-1 pi) were injected in the split

mode (80:1) unless concentrations were too low where splitless injections were employed.

The mass spectrometer was either operated in selected ion monitoring (SIM) mode or scan

mode depending on the purpose of the analysis.

For the determination of isotopic enrichments into fluoroacetate 1 the mass spectrometer

operated in selected ion monitoring mode to observe mass currents m/z 272 (M, molecular

ion), 273 (M+l), 274 (M+2), 33 (-CH2F), 34 (-CH2F +1) and 35 (-CH2F +2). All values

were corrected for the natural abundance of stable isotopes by comparison with the

corresponding unenriched compound.

6,1.10.2 Determination of Ar-methyl-Ar-(trimethylsilyl)-trifluoroacetamide (MSTFA)

derivatives

Using the method described by Hamilton et al61 lyophilised supernatant (0.5 ml) or polar

compounds (> 0.1 mg) were derivatised by the addition of N-methyl-N-(trimethylsilyl)-

trifluoroacetamide (MSTFA) (0.1-0.5 ml) and then heating to 100 °C for 1 h. After cooling

to room temperature, the samples were passed through a Pasteur pipette containing a cotton
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wool plug and analysed by EI GC/MS. Conditions for the analysis were the same as

described before (6.1.10.1). For the determination of isotopic enrichments into 4-

fluorothreonine 14, the mass spectrometer operated in selected ion monitoring mode to

observe mass currents m/z 218 (C-l and C-2), 219 (C-l and C-2 +1), 220 (C-l and C-2

+2), 236 (C-2, C-3 & C-4), 237 (C-2, C-3 & C-4 +1), 238 (C-2, C-3 & C-4 +2) and 239

(C-2, C-3 & C-4 +3). All values were corrected for the natural abundance of stable

isotopes by comparison with the corresponding unenriched compound.

6.2 Biological procedures

All microbiological work was carried out under sterile conditions in a Gallenkemp

flowhood. Glassware, media and consumables were sterilised by autoclaving. Cultures

were incubated in a temperature controlled Gallenkamp orbital incubator and resting cells

on a temperature controlled Innova 2000 platform shaker. Centrifugation was carried out

either on a Beckman J2-2IM/E or an Avanti J-25centrifuge at 14 000 rpm. For

microcentrifugation (50-1500 p.1), an Eppendorf 5415C centrifuge was used. Cell-free

extracts were prepared by disrupting the cells using a Constant Systems Ltd., French Press

Cell Disruption Equipment or by sonication using Sonics & Materials Inc., Vibra Cell.

Lyophilisation was carried out on an FTS, flexi-dry freeze dryer. Aqueous solutions were

prepared with Ultra-pure water generated by a USF elga, Maxima water supply system.

All work described involving cells, cell-free extract or protein solutions were performed at

4 °C if not otherwise stated.
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6.2.1 Microorganism maintenance and growth

Streptomyces cattleya NRRL 8057 was obtained from The Queen's University of Belfast,

Microbial Biochemistry Section, Food Science Department, Belfast (originally from

United States Department of Agriculture, Agricultural Research Service, Midwest Area

Northern Regional Research Laboratories, Peoria, Illinois, USA). Cultures were

maintained on agar slants containing soybean flour (2 % w/v), mannitol (2 % w/v), agar

(1.5 % w/v) and tap water, and grown at 28 °C until sporulation could be detected. The

resultant static cultures were stored at 4 °C.

6.2.2 Culture medium and conditions 60

Seed and batch cultures of Streptomyces cattleya were grown in 500 ml conical flasks
'v/

containing 90 ml of a chemically defined medium which was prepared as follows. To 450

ml of sterile Ultra-pure water was added 150 ml of ion solution, 75 ml of carbon solution,

75 ml of sterile phosphate buffer (150 mM, pH 7.0) and 3 ml of sterile potassium fluoride

solution (0.5 M).

Seed cultures were prepared by transfer of spores and aerial mycelia from a static culture

into a conical flask (500 ml) plugged with cotton wool and containing chemically defined

medium (90 ml). After shaking for 4-5 days at 28 °C and 180 rpm, an aliquot (0.3 ml) of

the vegetative mycelium was used to inoculate the batch cultures (90 ml). The cultures

were incubated at 28 °C and 180 rpm for 6-8 days.
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6.2.3 Preparation of resting cell cultures with Streptomyces cattleya

After growth for 6-8 days, cells were harvested by centrifugation (25 min, 14 000 rpm, 25

°C) and the pellet was washed three times with 50 mM sterile MES buffer pH 6.5. After

the final wash, the bacterial pellet was resuspended in 50 mM MES buffer pH 6.5 at a

concentration of 0.176 wet wt ml"1. For experiments on the biosynthesis of the

fluorometabolites, 5 ml of this cell suspension was used and supplemented with a putative

precursor by filter sterilisation. The total volume was adjusted to 23 ml with 50 mM MES

buffer pH 6.5 and incubated in 75 ml conical flasks plugged with cotton wool at 28 °C on

an orbital shaker at 200 rpm for 48 hours (unless otherwise stated). If there was no

organically bound fluorine in the administered precursor, then fluoride was added (as NaF)

at a final concentration of 2 mM. After 48 hours, cells were removed by centrifugation (25

min, 20 000 rpm, 25 °C) and the supernatants stored at -20 °C pending analysis by 19F

NMR spectroscopy and GC/MS.

6.2.4 Preparation of cell-free extract

After growth for 6-8 days, cells were harvested by centrifugation (25 min, 14 000 rpm, 25

°C) and the pellet was washed three times with KH2PO4 buffer (50 mM, pH 7.0). The final

pellet was kept at -80 °C until required and could be stored for at least 12 months without

the loss of enzymatic activity. To prepare cell-free extract, 0.2 g of frozen cells were

resuspended in 1 ml of Tris buffer (50 mM, pH 7.8). Cells were disrupted either using a

French press or by ultrasonication (more frequently), three times at 60 % duty cycle for 30-

60 sec depending on volume. Cell debris was removed by centrifugation either for 25 min

at 20 000 rpm (volumes > 3ml) or by microcentrifugation for 25 min at 14 000 rpm. The

clear supernatant was used as cell-free extract.
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6.2.5 Protein purification by ammonium sulfate precipitation

A cell-free extract was generated from frozen cells (1 g frozen cells/10ml 50 mM Tris

buffer pH 7.8). The cells were then ruptured by ultrasonication at 60 % duty cycle (60 sec)

4-5 times. Cell-debris was removed by centrifugation over 25 min at 20 000 rpm.

According to the volume of the supernatant ammonium sulfate was slowly added to the

desired % saturation level (as in table).181 After all the ammonium sulfate was dissolved,

the solution was allowed to stir for 30 min. The precipitated solution was centrifuged for

20 min at 20 000 rpm and the supernatant either discarded or kept for further precipitation.

The protein pellet could be used directly or was kept at -80 °C.

i oi

6.2.6 SDS-Polyacrylamide gel electrophoresis

Electrophoresis was performed on an ATTO AE-6450 dual mini slab unit using an

Amersham Pharmacia biotech EPS 301 power supply operating at a constant current of 20

mA. Gels were 90 mm wide, 80 mm long and 1 mm in depth. A typical protocol for a

SDS polyacrylamide gel electrophoresis is outlined below:

The resolving gel solution was introduced into a gel cast (assembled according to the

manufacturer) until the level of the gel reached 6-7 mm below the underside of the comb to

be inserted. The gel was then overlaid with n-butanol saturated water and allowed to

polymerise for about 45 min. After discarding the n-butanol saturated water the top of the

resolving gel was rinsed with the freshly prepared stacking gel. A further portion of

stacking gel solution was then introduced into the gel cast, the comb inserted between the

glass plates and the solution left to polymerise for 30 min. The electrophoresis chamber

and the gel sandwich were assembled according to the manufacturer's guidelines. The

protein samples were loaded onto the stacking gel (see sample preparation Section 6.2.7)
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and electricity applied to start the electrophoresis. For a typical run the voltage was set to

140 mV at a constant current of 20 mA for 80 min.

6.2.7 Sample preparation for gel electrophoresis

To 20 pi of a protein sample was added 20 pi of 2x SDS sample buffer for gel

electrophoresis under denaturing conditions. The solution was heated at 95 °C for 5 min

and then 5-20 pi of the solution was added into the sample wells of a prepared gel

sandwich. For native gels 20 pi of a protein sample was added to 20 pi of 2x native

sample buffer. The protein solution was not heated and was directly loaded onto the

stacking gel.

6.2.8 Staining and destaining of gels

SDS and native gels were stained immediately after electrophoresis was complete in order

to avoid any diffusion of proteins. This was carried out by soaking the gels in a solution of

coomassie blue G250 dye for 20-40 min. The gels were destained overnight in destain

solution with agitation to remove any unbound dye. Gels were stored in Ultra-pure water

or dried for further documentation.

• • • 1rt • •

Alternatively the gels were stained using copper stain. Gels were immersed in copper

stain for 5 min with agitation, washed for 2-3 min in water to remove excess reagent, and

placed in Ultra-pure water for storage. Stained SDS gels give a pattern of clear protein

bands against a whitish-blue background whereas native gels show whitish-blue protein

bands against a greenish background.
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6.2.9 Desalting and buffer exchange

Desalting columns (Amersham Pharmacia biotech, HiTrap Desalting, 5ml) were used in

combination with an AKTA Prime FPLC system for the desalting of protein solutions

containing high salt concentrations or to exchange buffers. The same flow rate (5ml min"1)

and injection loop (2 ml) were used for both applications. Protein sample (0.5-1.5 ml) was

injected and fractions (1.5 ml) collected. Fractions 2 and 3 contained the desired protein

and were combined.

6.2.10 Protein concentration determination

1 84
Protein concentration was determined by a modified Bradford assay. The test solution

was prepared by dissolving Brilliant Blue Dye (600 mg) in 2 % aqueous perchloric acid

(1000 ml). The solution was stirred for 3 hours and then filtered. The resultant solution

was stored at 4 °C and warmed thoroughly to room temperature before use. In a

microcuvette, the protein solution was made up to 750 pi with water, to which was then

added 750 pi of the Bradford reagent with thorough mixing. After 5 min (and no more

than 15 min), the absorbance at X = 590 nm was measured. This was then compared with a

standard curve (Figure 6.1)derived from known concentrations of bovine serum album

(BSA).

198



Chapter 6

25 n

Figure 6.1 Standard curve for the determination of protein concentrations.

6.2.11 High performance liquid chromatography (HPLC)

HPLC was carried out using a Varian system containing an analytical pump (9012, Varian)

and equipped with a variable wavelength UV detector (9050, Varian). For analytical

purposes, a Hypersil 5pm C-18 column (250x4.6 mm, Macherey-Nagel) was used and

under semi-preparative conditions, a Hypersil 5 pm C-18 column (250x10 mm,

Phenomenex) was applied. Typical flow rates were 1 ml/min (analytical) or 5 ml/min

(semi-preparative). Sample volumes were 20 pi for analytical analyses or 100-500 pi

when separations were carried out using the semi-preparative column. All solvents used

were HPLC grade and were degassed prior to use by bubbling nitrogen through the

solvents for 10-15 min. The mobile phases consisted of solvent A, 50mM

KH2P04:acetonitrile (95:5) and solvent B, 50 mM KT^PO^acetonitrile (80:20). Runs

were monitored at 260 nm either by isocratic (100 % A) or gradient elution over 20 min

from 0 % B to 100 % B.
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Standard curve for 5'-fluoro-5'-deoxyadenosine 103 (5'-FDA)

To determine the enzymatic production of 5'-FDA 103 by cell-free extract and partially

and purified fluorinase, a standard curve (Figure 6.2) with synthetic 5'-FDA 103 was

prepared. Different concentrations of 5'-FDA 103 were injected (20 pi, duplicates) on a

Hypersil 5pm C-18 column (250x4.6 mm, Macherey-Nagel). Samples were run at 1

ml/min from 0% B to 100% B over 20 min.

Integral

Figure 6.2 Standard curve for determination of 5'-FDA 103 by HPLC.

Inosine 105 standard curve for the determination of 5'-fluoro-5'-deoxyinosine 104 (5'-

FDI)

To determine the enzymatic production of 5'-FDI 104 by cell-free extract and partially

purified fluorinase, a standard curve (Figure 6.3) with commercial available inosine 104

was prepared. Different concentrations of inosine were injected (20 pi, duplicates) on a

Hypersil 5pm C-18 column (250x4.6 mm, Macherey-Nagel). Samples were run at 1

ml/min from 0% B to 100% B over 20 min.
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Integral

Figure 6.3 Standard curve for determination of 5'-FDI 104 by HPLC.

6.2.12 Sample preparation for analysis

For NMR analysis the standard procedure was incubation of 960 pi of crude cell-free

extract, partially purified or pure enzyme in the presence of 20 pi of fluoride solution ( 0.5

M) and 20 pi of S-adenosyl-L-homocysteine (20 mM). After incubation at 37 °C for 16 h

100 pi of D2O was added and an aliquot of 750 pi was used for 19F NMR analysis.

For HPLC analysis 96 pi of crude cell-free extract, partially purified or pure enzyme were

incubated in the presence of 2 pi of fluoride solution ( 0.5 M) and 2 pi of S-adenosyl-L-

homocysteine (20 mM). Incubations was usually carried out at 37 °C for various time

periods after which the sample was boiled for 5 min at 95 °C and the precipitated protein

was spun down by centrifugation. The clear supernatant (20 pi) was used for HPLC

analysis.
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6.2.13 Fast protein liquid chromatography (FPLC)

Protein purification was either performed on an AKTA Prime system (Pharmacia) at 4 °C

or on a BioCad Sprint (Perceptive Biosystems) at room temperature. A number of

different columns were utilised: 15 Q, 10 ml bedvolume (Amersham Pharmacia biotech),

phenyl sepahrose HP, 40 ml bedvolume (Amersham Pharmacia biotech), ANX sepahrose 4

FF, 20 ml bedvolume (Amersham Pharmacia biotech), DEAE sepharose FF, 20 ml

bedvolume (Amersham Pharmacia biotech), HiTrap Desalting, 5ml bedvolume (Amersham

Pharmacia biotech), hydroxyapetite type II (BioRad), HiTrap Q XL, 1 ml bedvolume

(Amersham Pharmacia biotech), HiLoad 16/60 Superdex 200, (Amersham Pharmacia

biotech). Typical flow rates were between 1 ml/min and 5 ml/min.

6.2.14 Gel-permeation chromatography

The molecular weight of native proteins was measured by gel-permeation chromatography

using a HiLoad 16/60 Superdex 200, (Amersham Pharmacia biotech). The column was

equilibrated with 50 mM Tris buffer (pH 7.8) and calibrated with the following reference

proteins: apoferritin (443 kDa), fl-amylase (200 kDa), albumin (66 kDa) and myglobin

17.8 kDa). The void volume (Vo) of 46.5 ml was determined with blue dextran. The

calibration curve of the relative elution volumes (log (Ve/Vo)) against the molecular

weights (log Mw) of the reference proteins is shown in Figure 6.4.
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Figure 6.4 Protein molecular weight calibration curve from HiLoad 16/60 Superdex 200.

6.2.15 Partial purification of the threonine transaldolase enzyme

Cell-free extract (30 ml) was prepared as described under Section 6.2.4 and ammonium

sulfate precipitation was carried out as described under Section 6.2.5. The pellet of 25-45

% was dissolved in 50 mM Tris buffer pH 8.0 (1.5 ml) and passed through a desalting

column (HiTrap™ desalting, 5ml, Amersham Pharmacia Biotech), which was equilibrated

and isocratically eluted with the same buffer. Fractions were collected automatically (1.5

ml) and fractions 2 and 3 were combined.

Further purification was carried out using anion-exchange chromatography (QXL, 1 ml,

Amersham Pharmacia Biotech). The strong anion exchange column was equilibrated with

Tris buffer (50 mM, pH 8.0) and loaded with desalted solution of 25-45 % (NFLO2SO4

saturated cell-free extract (2x 1 ml). After each loading step, the column was washed with

10 ml of Tris buffer (50 mM, pH 8.0). Elution of the enzyme was achieved using a linear

gradient over 25 ml at a flow rate of 1 ml/min starting from Tris buffer (50 mM, pH 8.0) to

Tris buffer (50 mM, pH 8.0) containing 1 M KC1 and the eluent was collected in 2.5 ml
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fractions. The fractions were tested for 4-fluorothreonine 14 production by incubation of

the enzyme solution (900 pi) at 26 °C with L-threonine 84 (2 mM), fluoroacetaldehyde 15

(2 mM) and PLP (0.1 mM) in a final volume of 1 ml for 16 h. After 19F NMR analysis, the

active fractions were combined.

6.2.16 Purification of the fluorinase enzyme

Cell-free extract (150 ml) was prepared as described under Section 6.2.4 and ammonium

sulfate precipitation was carried out as described under Section 6.2.5. The pellet of 45-60

% saturation was dissolved in 50 mM Tris buffer pH 7.8 containing 1 M (NFLj^SC^ (6 ml).

Hydrophobic interaction column

Halfof the dissolved protein pellet (3 ml) was injected at a flow rate of 2 ml/min onto a 40

ml phenyl sepharose HP (Amersham Pharmacia biotech) column equilibrated with 50 mM

Tris buffer pH 7.8 containing 1 M (NH^SC^. The column was washed with 80 ml (2

ml/min) of the same buffer and eluted with a linear gradient over 160 ml (80 min) at a flow

rate of 2 ml/min to 50 mM Tris buffer pH 7.8 using the BioCad system at room

temperature. The peak containing the activity (highlighted in Figure 5.4) was collected

manually (~14 ml).

Gel-filtration column

The eluant (14 ml) of the phenyl sepharose column was concentrated up to 1-2 ml using a

10 kDa MACROSEP (Pall Foltron) centrifugal concentrator. The protein solution was

then loaded at 1 ml/min directly on a HiLoad 16/60 Superdex 200 (Amersham Pharmacia
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biotech) column equilibrated with 50 mM Tris buffer pH 7.8 using the AKTA Prime FPLC

system . Elution was carried out isocratically under the same conditions and the activity

eluted usually after 61 ml over 6 ml (fractions 41-44, Fraction size 1.5 ml).

Strong anion exchange column

The collected 6 ml of the gel filtration column was loaded in two 3 ml portions on a 10 ml

source 15 Q (Amersham Pharmacia biotech) column which was equilibrated with 50 mM

Tris buffer pH 7.8. After each loading step, the column was washed with 20 ml of the

same buffer at 2 ml/min. Elution of the enzyme was carried out by a linear gradient elution

to 300 mM potassium chloride over 80 ml at a flow rate of 2 ml/min. The pure enzyme

eluted in fractions 40-41 (fraction size 2 ml).

6.2.17 Purification of enzymatically produced 5'-fluoro-5'-deoxyinosine

Crude cell-free extract (20 ml)was prepared according to the method described in Section

6.2.4 and supplemented with SAM 91 (0.4 mM), KF (10 mM) and iodoacetamide (10

mM). The cell-free extract was then divided into 20, 1 ml samples and incubated at 37 °C

for 24 h. Protein was precipitated by heating to 90 °C for 3 min and then removed by

centrifugation. The supernatant of each sample was combined and lyophilised and the

resultant powder redissolved in 3 ml of D2O. Any solids in the sample were removed by

centrifugation and the clear supernatant was used for purification by semi-preparative

HPLC. This solution was injected (10 x 300 pi) on a reverse phase C-18 column (250x10

mm, Phenomenex) equilibrated with solvent A (50mM KFIiPO^acetonitrile (95:5)). The

column was eluted isocratically using buffer A over 20 min at a flow rate of 5 ml/min.
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Runs were monitored at 260 nm and the peak with the retention time of 7.45 min (Figure

6.5) was collected manually.

Figure 6.5 Typical HPLC chromatogram obtained for the purification of 5'-fluoro-5'-

deoxyadenosine 104 (t = 7.45 min).

The collected peak was lyophilised and the resultant powder dissolved in water (200 pi)

and further purified using a reverse phase C-18 column (Hypersil, 250x10 mm,

Phenomenex). The column was equilibrated and isocratically eluted with Ultra-pure water.

Purification was otherwise identical to the conditions described above. The main peak was

collected manually and lyophilised to yield a white powder (< 1 mg).

5h (500.1 MHz d6 DMSO, 10 % D20) 4.11 (1H, dm 3JF 24.5 , H-4, 4'), 4.20 (1H, br t, H-

3,3'), 4.50 (1H, br t, H-2, 2'), 4.62 (2H, dm, 2JF 47.7, CH2F), 5.89 (1H, d, J 5.0, H-l, 1'),

8.06 (1H, s, H-2/8), 8.20 (1H, s, H-2/8); 5F (470.5 MHz, d6 DMSO, 10 % D20) -229.67

(dt, 2J 47.4, 3J 24.47); m/z (CI), TMS derivative, 487 ([MH]+, 100%), 471 ([M-CH3]+, 84

%), 467 ([MH-HF]+, 13 %).
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6.2.18 Partial purification of enzymatically produced 5'-fluoro-5'-

deoxyadenosine

Partially purified fluorinase (6 ml) was prepared by following the method described in

Section 6.2.16 but stopping after the gel-filtration step. The protein solution was

supplemented with SAM (0.4 mM) and KF (10 mM). Incubation was carried out in 6, 1 ml

portions at 37 °C for 24 h. The samples were heated at 90 °C for 3 min and precipitated

protein was removed by centrifugation. The supernatant of each sample was combined and

lyophilised and the resultant powder redissolved in 900 pi of D2O. Any solids in the

sample were removed by centrifugation and the clear supernatant was injected (3 x 300 pi)

on a reverse phase C-18 column (250x10 mm, Phenomenex) equilibrated with solvent A

(50mM KTHPOpacetonitrile (95:5)). The column was eluted at a flow rate of 5 ml/min to

100 % solvent B (50 mM KF^POpacetonitrile (80:20)) over 30 min. The peak with an

identical retention time to synthetic 5'-FDA 103 was collected and lyophilised.

SH (500.1 MHz d6 DMSO, 10 % D20) 4.11 (1H, dm 3JF 24.42, H-4, 4'), 4.20 (1H, br t, H-

3,3'), 4.60 (1H, br t, H-2, 2'), 4.64 (2H, dm, 2JF 47.7, CH2F), 5.94 (1H, d, J 4.86, H-l, 1'),

8.16 (1H, s, H-2/8), 8.27 (1H, s, H-2/8); 8F (470.5 MHz, d6 DMSO, 10 % D20) -229.82

(dt, 2J 47.6,3J 24.45); m/z (CI), TMS derivative, 486 ([MH]+, 96 %), 471 ([M-CH3]+, 100

%), 467 ([MH-HF]+, 22 %).
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6.2.19 Buffers and solutions

Ion solution

NH4C1 6.75 g

NaCl 2.25 g

MgS04.7H20 2.25 g

CaC03 1.13 g

FeS04.7H20 0.113 g

CoC12.6H20 0.045 g

ZnS04.7H20 0.045 g

Ultra-pure water 900 ml

Solution was sterilised by autoclaving.

Carbon source solution

Glycerol 45 g

Monosodium glutamate 22.5 g

Myo-inositol 1.8 g

/?ara-Aminobenzoic acid 450 j_tl of freshly prepared 1 mg/ml solution

Ultra-pure water 900 ml

Solution was sterilised by filtration into 75 ml portions in presterilised Schott bottles.

1.1 x SDS stacking gel buffer

Trisbase 16.95 g

TEMED 1.10 ml

SDS 1.10 g

Made up to 1000 ml using Ultra-pure water, pH adjusted to 6.8 with dilute HC1.
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4 x SDS resolving gel buffer

Trisbase 181.7 g

TEMED 4.0 ml

SDS 4.00 g

Made up to 1000 ml using Ultra-pure water, pH adjusted to 8.8 with dilute HC1.

5 x SDS electrophoresis buffer

Trisbase 15.1 g

Glycine 72.0 g

SDS 5.0 g

Made up to 1000 ml using Ultra-pure water, solution will give a pH of 8.3 on dilution.

1.1 x native stacking gel buffer

Trisbase 16.95 g

TEMED 1.10 ml

Made up to 1000 ml using Ultra-pure water, pH adjusted to 8.0 with dilute HC1.

4 x native resolving gel buffer

Trisbase 181.7 g

TEMED 4.0 ml

Made up to 1000 ml using Ultra-pure water, pH adjusted to 8.8 with dilute HC1.

5 x native electrophoresis buffer

Tris base 40.0 g

Glycine 45.5 g

Made up to 1000 ml using Ultra-pure water, pH is not adjusted.
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2 x SDS sample buffer (containing 2-mercaptoethanol)

Trisbase 1.52 g

Glycerol 20.0 ml

SDS 2.0 g

2-Mercaptoethanol 2.5 ml

Bromophenol blue ~ 2 mg

Made up to 100 ml using Ultra-pure water, pH adjusted to 6.8 with dilute HC1.

2 x SDS sample buffer (containing DTT)

Trisbase 1.52 g

Glycerol 20.0 ml

SDS 2.0 g

DTT 1.54 g

Bromophenol blue ~ 2 mg

Made up to 100 ml using Ultra-pure water, pH adjusted to 6.8 with dilute HC1.

2 x native sample buffer

Trisbase 1.52 g

Glycerol 20.0 ml

Bromophenol blue ~ 2 mg

Made up to 100 ml using Ultra-pure water, pH adjusted to 6.8 with dilute HC1.
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12.5 % resolving gel

Resolving gel buffer 3.75 ml

40 % acrylamide/bis-acrylamide 4.70 ml

Ammonium persulfate (100 mg/ml) 0.10 ml

Ultra-pure water 6.45 ml

Ammonium persulfate solution was freshly made and added to initiate polymerisation.

10 % resolving gel

Resolving gel buffer 3.75 ml

40 % acrylamide/bis-acrylamide 3.75 ml

Ammonium persulfate (100 mg/ml) 0.10 ml

Ultra-pure water 7.40 ml

Ammonium persulfate solution was freshly made and added to initiate polymerisation.

8 % resolving gel

Resolving gel buffer 3.75 ml

40 % acrylamide/bis-acrylamide 3.00 ml

Ammonium persulfate (100 mg/ml) 0.10 ml

Ultra-pure water 8.15 ml

Ammonium persulfate solution was freshly made and added to initiate polymerisation.

4 % stacking gel

Stacking gel buffer 9.00 ml

40 % acrylamide/bis-acrylamide 1.00 ml

Ammonium persulfate (100 mg/ml) 0.10 ml

Ammonium persulfate solution was freshly made and added to initiate polymerisation.
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Stain solution

Coomassie blue G250 2.0 g

Methanol 400 ml

Glacial acetic acid 70 ml

Made up to 1000 ml using Ultra-pure water and filtered.

Destain solution

Methanol 400 ml

Glacial acetic acid 70 ml

Made up to 1000 ml using Ultra-pure water.
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Awards and prices

Poster Price, RSC Bio-organic postgraduate Symposium, Dec. 2000, University of
Warwick.

Judge Award, 2002, for the discovery with the highest potential for an industrial

application, IChemE (Institute for Chemistry and Engineering).

Russel Trust Award, June 2002 for most promising project to carry out overseas research,

University of St Andrews.

BP Award, July 2002, for best oral presentation of final year PhD students at the

Department ofChemistry, University of St Andrews.

214



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

References

G.W. Gribble, J. Chem. Educ., 1994, 71, 907.

G.W. Gribble, Chem. Soc. Rev., 1999, 28, 335.

D.B. Harper and D. O'Hagan, Nat. Prod. Rep., 1994, 11, 123.
J.S.C. Marais, Onderstepoort J. Vet. Sci. Anim., 1943,18, 203.
J.S.C. Marais, Onderstepoort J. Vet. Sci. Anim., 1944, 20, 67.
M. Sanada, T. Miyano, S. Iwadare, J.M. Williamson, B.H. Arison, J.L. Smith, A.W.

Douglas, J.M. Liesch and E. Inamine, J. Antibiotics, 1986, 39, 259.
E.A. Paul, P.M. Huang, in 'Handbook of Environmental Chemistry', vol 1, part A,

Springer Verlag, Berlin, 1980, p 69.
H.J.M. Bowen, 'Trace elements in Biochemistry', Academic Press, London, 1966.
L. Pauling, 'The Nature of the Chemical Bond', Cornell University Press, Ithaka,
New York, 1960, p. 82.
S.L. Neidleman and J. Geigert, 'Biohalogenation: Principles, basic roles and

applications', Ellis Horwood Ltd, Chichester, 1986.
R.P. Gregson, B.A. Baldo, P.G. Thomas, R.J. Quinn, P.R. Bergquist, J.F. Stephens
and A.R. Home, Science, 1979, 206, 1108.

P.W. Zimmerman, A.E Hitchcock and J. Gwirtsman, Contr. Boyce Thompson Inst.
PI. Res., 1957, 19, 49.

P. Venkateswarlu, W.D. Armstrong and L. Singer, Plant. Physiol., 1965, 40, 255.
J.A. Cooke, M.S. Johnson, A.W. Davison and A.D. Bradshaw, Environ. Pollut.,

1976, 11,9.

S.M. Andrews, J.A. Cooke and M.S. Johnson, Environ. Pollut., 1989, 60, 165.

S. Matuura, N. Kokubu, S. Watanabe and Y. Samesima, Mem. Fac. Sci. Kyushu.
Univ. Ser. C, 1955, 2, 75.

M. Meyer and D. O'Hagan, Chem. Ber., 1992, 28, 785.
J.S.C. Marais, Onderstepoort J. Vet. Sci. Anim., 1943, 18, 203.
J.S.C. Marais, Onderstepoort J. Vet. Sci. Anim., 1944, 20, 67.
F.L.M. Pattison, Toxic aliphatic fluorine compounds, (1959), Elsevier, Amsterdam.
B. von Sydow, Flora, Jenu, A, 1969, 196.

215



J. Tannock, Rhod. J. Agric. Res., 1975, 13, 67.
R.T. Kamgue, O. Sylla, J.L. Pousset, A. Laurens, J.C. Brunet and A. Sere, Plantes.
Med. Phytotherapie, 1979, 13, 252.
B. Vickery, M.L. Vickery and J.T. Ashu, Phytochemistry, 1973, 12, 145.
B. Vickery and M.L. Vickery, The Veterinary Bulletin, 1973, 43, 537.
L.E. Twigg and D.R. King, Oikos, 1991, 61, 412.
R.J. Hall, New Phytol., 1972,13, 252.
M.M. De Oliveira, Experimentia, 1963,19, 586.
T. Vartiainen and J. Gynther, Fd. Chem. Toxic., 1984, 22, 307.
C.J. Lovelace, G.W. Miller and G.W. Welkie, Atmos. Environ., 1968, 2, 187.

J.Y. Cheng, M.H. Yu, G.W. Miller and G.W. Welkie, Environ. Sci. Technol., 1968,

2, 367.

M.H. Yu and G.W. Miller, Environ. Sci. Technol., 1970, 4, 492.

T. Vartiainen and P. Kauranen, Analytica Chimica Acta, 1984, 157, 91.
J.J.M. Meyer, N. Grobbelaar, R. Vleggar and A.I. Louw, J. Plant. Physiol., 1992,

139, 369.

R.A. Peters, Adv. Enzymol., 1957,18, 113.
R.A. Peters and M. Shorthouse, Phytochemistry, 1972, 244, 2966.
J.F. Morrison and R.A. Peters, Biochem. J., 1954, 56, 473.

H.L. Carrell, J.P. Glusker, J.J. Villafranca, A.S. Mildvan, R.J. Dummel and E. Kun,

Science, 1970, 170, 1412.

E. Kun and R.J. Dummel, Methods Enzymol., 1969,13, 623.
R. Keck, H. Haas and J. Retey, FEBS Letts., 1980, 203, 65.
H. Lauble, M.C. Kennedy, M.H. Emptage, H. Beinert and C.D. Stout, Proc. Natl.
Acad. Sci. USA, 1996,13, 699.

E. Kun, E. Kirsten and M.L. Sharma, Dev. Bioenerg. Biomemb., 1978, 2, 285.
E. Kirsten, M.L. Sharma and E. Kun, Mol. Pharmacol., 1978,14, 172.

E. Kun, E. Kirsten and M.L. Sharma, Proc. Nat. Acad. Sci., 1977, 74, 4942.

R.A. Peters and R.J. Hall, Biochemical Pharmacology, 1959, 92, 25.
R.A. Peters, R.J. Hall, P.F.V. Ward and N. Sheppard, Biochem J., 1960, 77, 17.
P.F.V. Ward, R.J. Hall and R.A. Peters, Nature, 1964, 201, 611.

J.T.G. Hamilton and D.B. Harper, Phytochemistry, 1997, 44, 1129.
D.B. Harper, J.T.G. Hamilton and D. O'Hagan, Tetrahedron Lett., 1990, 31, 1776.

216



M.C. Walsh, W.E. Klopfenstein and J.L. Harwood, Phytochemistry, 1990, 29,
3797.

R. A. Peters and M. Shorthouse, Nature, 1971, 213, 123.

S.O. Thomas, V.L. Singleton, J.A. Lowey, R.W. Sharpe, L.M. Pruess, J.N. Porter,
J.H. Mowat and N. Bohonos, Antibiotics Annu., 1957, 716.

C.W. Waller, J.B. Patrick, W. Fulmor and W.E. Meyer, J. Am. Chem. Soc., 1957,

79,1011.

G.O. Morton, J.E. Lancaster, G.E. Van Lear, W. Fulmor and W.E. Meyer, J. Am.
Chem. Soc., 1969,91, 1535.

I.D. Jenkins, J.P.H. Verheyden and J.G. Moffatt, J. Am. Chem. Soc., 1976, 98,
3346.

A.R. Maguire, W.-d. Meng, S.M. Roberts and A.J. Willets, J. Chem. Soc., Perkin
Trans. 7, 1993, 1795.

D.B. Harper, unpublished results.
M. Sanada, T. Miyano, S. Iwadare, J. M. Williamson, B. H. Arison, J. L.Smith, A.
W. Douglas, J. M. Liesch and E. Inamine, J. Antibiotics, 1986, 39, 259.
M.R. Amin, D.B. Harper, J.M. Moloney, C.D. Murphy, J.A.K. Howard and D.

O'Hagan, Chem. Commun., 1997,1471.
K.A. Reid, J.T.G. Hamilton, R.D. Bowden, D. O'Hagan, L. Dasaradhi, M.R. Amin
and D.B. Harper, Microbiol., 1995, 141, 1385.
J.T.G. Hamilton, C.D. Murphy, M.R. Amin, D. O'Hagan and D.B. Harper ,

J. Chem. Soc., Perkin Trans. 1, 1998, 759.

R.J. Hall and R.B. Cain, New Phytol., 1972, 71, 839.
S.L. Neidleman and J. Geigert, Trends Biotechnol., 1983,1, 21.
B. Vickery and F. Kaberia, Experimenta, 1979, 35, 299.
B. Vickery, M.L. Vickery and F. Kaberia, Experimenta, 1979, 35, 299.
R.J. Mead and W. Segal, Aust. J. Biol. Sci., 1972, 25, 327.
R.J. Mead and W. Segal, Phytochemistry, 1973, 12, 1977.
L.S. Leung and P.A. Frey, Biochem. Biophys. Res. Commun., 1978, 81, 274.
J.J.M. Meyer and D. O'Hagan, Phytochemistry, 1992, 31, 499.
J.J.M. Meyer and D. O'Hagan, Phytochemistry, 1992, 31, 2699.
P. Goldman, J. Biol. Chem., 1965, 240, 3434.

P. Goldman and G.W.A. Milne, J. Biol. Chem., 1966, 241, 5557.

217



J.R.L. Walker and B.C. Lien, Soil Biol. Chem., 1981, 13, 231.

H. Kawasaki, K. Miyashi and K. Tonomura, Agri. Biol. Chem., 1981, 45, 543.

J.-Q. Lui, J.T. Kurihara, S. Ichiyama, M. Miyagi, S. Tsunasawa, H. Kawasaki, K.
Soda and N. Esaki, J. Biol. Chem., 1989, 273, 30897.

K.H.G. Verschuren, F. Seljee, H.J. Rozeboom, K.H. Kalk and B.W. Dijkstra,

Nature, 1993, 363, 693.

G.M. Lacourciere and R.N. Armstrong, J. Am. Chem. Soc., 1993, 115, 10466.
H.-F. Tzeng, L.T. Laughlin and R.N. Armstrong, Biochemistry, 1998, 37, 2905.
J.N. Eloff and N. Grobclaar, Joernaal van die Suid-Afrikaanse Chemiese Institute,

1972, 25, 109.

R.A. Peters and M. Shorthouse, Nature, 1965, 216, 80.

R.A. Peters and M. Shorthouse, Life Sci., 1967, 6, 1505.
R.A. Peters, Fluoride, 1973, 6, 189.

P.H. Jerie and M.A. Hall, Proc. R. Soc. Lond., B, 1978, 200, 87.

J.H. Dodds, S.K. Musa, H. Shigeishi and E. Scribner, Science, 1979, 203, 899.
R.S. Schoenheimer and E.J. Rittenberg. J. Biol. Chem., 1935, 111, 163.
C.W. Cornforth, Nature, 1961,191, 1193.

M.R. Amin, PhD Thesis, 1996, University of Durham.
K.A. Reid, PhD Thesis, 1994, The Queen's University of Belfast.
T. Tamura, M. Wada, N. Esaki and K. Soda, J. Bacteriol., 1995, 177, 2265.

J.T.G. Hamilton, M.R. Amin, D. O'Hagan and D.B. Harper , Chem. Commun.,

1997, 797.

L. Stryer, 'Biochemistry', 4th Ed., W. H. Freeman & Co., New York, 1995.
J. Nieschalk, J.T.G. Hamilton, C.D. Murphy, D. O'Hagan and D.B. Harper, Chem.

Commun., 1997, 799.

R.J.M. Goss, A. Meddour, J. Cortieu and D. O'Hagan, J. Am. Chem. Soc., 2002, in
Press.

L.A.Rose, E.L.O'Connell, P. Noce, M.F. Utter, H.G. Wood, J.M Willard, T. G

Cooper and M.J. Benziman, J. Biol. Chem., 1976, 244, 6130.
M. Cohn, J.E. Pearson, E.L. O'Connell and I.A. Rose, J. Am. Chem. Soc., 1970, 92,

4095.

A. Meddour, C. Canlet, L. Blanco and J. Courtieu, Angew. Chem. Int. Ed., 1999,

38, 2391.

218



P. Lesot, D. Merlet, A. Loewenstein and J. Courtieu, Tetrahedron Asymmetry,

1998,9, 1871.

I. Canet, J. Courtieu, A. Loewenstein, A. Meddour and J.M. Pechine, J. Am. Chem.

Soc., 1995,117, 6520.

M. Tavasli, J. Courtieu, R.J.M. Goss, A. Meddour and D. O'Hagan, Chem.

Commun., 2002, 844.

S.J. Moss, PhD Thesis, 1999, University of Durham.
C.D. Murphy, PhD Thesis, 1998, The Queen's University of Belfast.
O. Nashiru, D.L. Zechel, D. Stoll, T. Mohammadzadeh, R.A.J. Warren and S.G.

Withers, Angew. Chem. Int. Ed., 2001, 40. 417.
D.L. Zechel, S.P. Reid, O. Nashiru, C. Mayer, D. Stoll, D.L. Jakeman, R.A.J.

Warren and S.G. Withers, J. Am. Chem. Soc., 2001, 123, 4350.

H.D. Ly and S.G. Withers, Annu. Rev. Biochem., 1999, 68, 487.
C.D. Murphy, S.J. Moss and D. O'Hagan, Appl. Environ. Microbiol., 2001, 40,
4919.

S. Rogers, PhD Thesis, 1994, University ofDurham.
D.E. Cane, T.C. Liang and H. Hasler, J. Am. Chem. Soc., 1982,104, 7274.
D. O'Hagan and D.B. Harper, in 'Asymmetric Fluoroorganic Chemistry: Synthesis,

Applications and Future Directions', ACS Symposium Series 746, P.V.
Ramachandran Ed., American Chemical Society, Washington, DC, 2000, p 210.
D. Gani, O.C. Wallis and D.W. Young, Eur. J. Biochem., 1983, 136, 303.
A.L. Lehninger, in 'Biochemie', 2., neubearb. u. erw. Aufl., Weinheim, VCH,

1987.

D.A. Tomalia and J.N. Paige, J. Org. Chem., 1973, 38, 422.
A. Terol, G. Subra, J.P. Fernandez, Y. Robbe, J.P. Chapat and R. Granger, Org.

Magn. Res., 1981,17, 68.
S.J. Moss, C.D. Murphy, J.T.G. Hamilton, W.C. McRoberts, D. O'Hagan, C.
Schaffrath and D.B. Harper, Chem. Commun., 2000, 2281.
J.C. Vederas and H.G. Floss, Acc. Chem. Res., 1980, 13, 455.

H.C. Dunathan, Proc. Natl. Acad. Sci. U.S.A., 1966, 55, 713.

E.J. Corey and R.A. Sneen, J. Am. Chem. Soc., 1956, 78, 6269.
M.D. Tsai, H.J.R. Weintraub, S.R. Byrn, C. Chang and H.G. Floss, Biochemistry,
1978, 17,3183.

219



P. Besmer and D. Arigoni, Chimia, 1969, 23, 190.
H.G. Floss and J.C. Vederas, 'Stereochemistry', Elsevier Biomedical Press,

Amsterdam, 1980, p 161.

G.B. Bailey, T. Kusamrarn and K. Vuttivej, Fed. Proc., 1970, 29, 857.
T. Yoshimura, K. Nishimura, J. Ito, N. Esaki, H. Kagamiyama, J.M. Manning and
K. Soda, J. Am. Chem. Soc., 1993, 115, 3897.

B.A. Malcolm and J.F. Kirsch, Biochem. Biophys. Res. Commun., 1985, 132, 915.
C.N. Cronin and J.F. Kirsch, Biochemistry, 1988, 27, 4572.
E. Adams, Adv. Enzymol. Relat. Areas Mol. Biol., 1976, 44, 69.
G. Kaczorowski, L. Shaw, M. Fuentes and C.T. Walsh, J. Biol. Chem., 1975, 250,

2855.

G. Kaczorowski, L. Shaw, R. Laura and C.T. Walsh, J. Biol. Chem., 1975, 250,

8921.

E. Wang and C.T. Walsh, Biochemistry, 1978, 17, 1313.
J.P. Shaw, G.A. Petsko and D. Ringe, Biochemistry, 1997, 36, 1329.
S.Sun and D. Toney, Biochemistry, 1999, 38, 4058.
J.G. Christenson, W. Dairman and S. Udenfriend, Arch. Biochem. Bioph., 1970,

141,356.

K.D. Lunan and H.K. Mitchel, Arch. Biochem. Bioph., 1969, 132, 450.
P. Dominici, B. Tancini and B. Voltattomi, J. Biol. Chem., 1985, 260, 583.

S. Ishii, H. Mizuguchi, J. Nishino, H. Hayashi and H. Kagamiyama, J. Biochem.,

1996, 120, 369.

C. Yanofsky, Biochim. Biophys. Acta., 1955, 16, 594.
I.P. Crawford and C. Yanofsky, Proc. Natl. Acad. Sci. U.S.A., 1958, 44, 1161.
C.C. Hyde, E.A. Padlan, S.A. Ahmed, E.W. Miles and D.R. Davies, Fed. Proc.,

1987, 46, 2215.

C.C. Hyde, S.A. Ahmed, E.A. Padlan, E.W. Miles and D.R. Davies, J. Biol. Chem.,

1988, 263, 17857.

E.W. Miles, Adv. Enzymol. Relat. Areas Mol. Biol., 1979, 49, 127.
G.E. Skye, R. Potts and H.G. Floss, J. Am. Chem. Soc., 1973, 76, 1593.
M.-D. Tsai, E. Schleicher, R. Potts, G.E. Skye and H.G. Floss, J. Biol. Chem.,

1978, 253,5344.

220



H. Lackner, I. Bahner, N. Shigematsu, L.K. Pannell and A.B. Mauger, J. Nat.

Prod., 2000, 63, 352.

H. Yoshida, N. Arai, M. Sugoh, J. Iwabuchi, M. Shinose, Y. Tanka and S. Omura,
J. Antibiotics, 1994, 47, 1165.

I. Grgurina and F. Mariotti, FEBS Lett., 1999, 462, 151.
S.C. Bell, J.M. Turner, J. Collins and T.R.G. Gray, Biochem. J., 1972, 127, 77.
S.C. Bell and J.M. Turner, Biochem. J., 1976,156, 449.

S.C. Bell and J.M. Turner, Biochem. J., 1977,164, 579.

H. Kumagai, T. Gagate, H. Yoshida and H. Yamada, Biochim, Biophys. Acta.,

1972, 258, 779.

H. Ogawa, T. Gomi and M. Fujioka, J. Biochem. Cell. Biol., 2000, 32, 289.
D. Blaser and D. Seebach, Liebigs Ann. Chem., 1067.
G.L. Cantoni, J. Biol. Chem., 1953, 204, 403.

R.J. Pary and A. Minta, J. Am. Chem. Soc., 1982, 341, 871.
G.D. Markham, D.W. Parkin, F. Mentch and V.L. Schramm, J. Biol. Chem., 1987,

262, 5609.

X. Cheng, S. Kumar, J. Posfai, J.W. Pflugrath and R.J. Roberts, Cell, 1993, 74, 299.
J. Labahn, J. Granzin, G. Schluckebier, D.P. Robinson, W.E. Jack, I. Schildkraut

and W. Saenger, J. Mol. Biol., 285, 2021.
A.E. Hodel, P.D. Gershon, X. Shi and F.A. Quiocho, Cell, 1996, 85, 247.

L. Yu, A.M. Petros, A. Schmuchel, P. Zhong, J.M. Severin, K. Walter, T.F.
Holzman and S.W. Fesik, Nature Struct. Biol., 1997, 4, 483.

D.E. Koshland Jr., Biochemistry, 1988, 27, 5829.
S. Djordjevic and A.M. Stock, Structure, 1997, 5, 545.
J. Vidgren, L.A. Svensson and A.Liljas, Nature, 1994, 368, 354.
Z. Fu, Y. Hu, K. Konnishi, Y. Takata, H. Ogawa, T. Gomi, M. Fujioka and F.

Takusagawa, Biochemistry, 1996, 35, 11985
X. Cheng and R.J. Roberts, Nucleic Acids Res., 2001, 29, 3784.
C.W. Tabor and H. Tabor, Adv. Enzymol. Relat. Areas Mol. Biol., 1984, 56, 251.
B.T. Golding and I.K. Nassereddin, J. Am. Chem. Soc., 1982, 104, 5815.
A.M. Reeve, S.D. Breazeale and C.A. Townsend, J. Biol. Chem., 1998, 273, 30695.

Q. Huai, Y. Xia, Y. Chen, B. Callahan, N. Li and H. Ke, J. Biol. Chem., 2001, 276,

38210.

221



J. Stubbe and W.A. van der Donk, Chem. Rev, 1998, 98, 705.

P.A. Frey and G.H. Reed, Arch. Biochem. Biophys., 2000, 382, 6.
M. Fontecave, E. Mulliez and S.O. Ollagnier-de-Choudens, Curr. Opin. Chem.

Biol., 2001, 5, 506.

R.E. London and S.A. Gabel, Arch. Biochem. Biophys., 1996, 334, 332.
A. Tietz and S. Ochoa, Arch. Biochem. Biophys., 1958, 78, 477.
D.J. Leblond and J.L. Robinson, Biochim. Biophys. Acta, 1976, 438, 108.
C. Schaffrath, C.D. Murphy, J.T.G. Hamilton, D. O'Hagan, J. Chem. Soc., Perkin
Trans. 7., 2001, 3100.

J.D.Z. Feng and P.K.F. Yeung, Therap. Drug Monit., 2000, 22, 177.
E. Sottofattori, M. Anzaldi and L.O.T. Tonello, J. Pharm. Biomed. Anal., 2001, 24,

1143.

C.D. Murphy, D. O'Hagan, C. Schaffrath, Angew. Chem., Int. Ed., 2001, 40, 4479.
D. O'Hagan, C. Schaffrath, S.L. Cobb, J.T.G. Hamilton and C.D. Murphy, Nature,

2002, 416, 279.

B.M. Gallagher, A. Ansari, H. Atkins, V. Casella, D.R. Christman, J.S. Fowler, T.

Ido, R.R. MacGregor, P. Som, C.-N. Wan, A.P. Wolf, D.E. Kuhl and M Reivich, J.
Nucl. Med., 1977,18, 990.

P. Som, H.L. Atkins, D. Bandoypadhyay, J.S. Fowler, R.R. MacGregor, K.E.

Matsui, Z.H. Oster, D.F. Sacker, C.Y. Shiue, H. Turner, C.-N. Wan, A. P. Wolf and

S. Zabinski, J. Nucl. Med., 1980, 21, 670.

K. Tilley, M. Akhtar and D. Gani, J. Chem. Soc. Perkin Trans. 1, 1994, 3079.

D. E. Cane, T. C. Liang and H. Hasler, J. Am. Chem. Soc., 1982,104, 7274.
R.K. Scopes, 'Protein Purification, Principles and Practice', 3rd Ed. 19, Springer,
New York, 1994, p. 346.
U.K. Laemmli, Nature, 1970, 227, 680.

C. Lee, A. Levin and D. Branton, Anal. Biochem., 1987,166, 308.

M.M. Bradford, Anal. Biochem., 1976, 72, 248.

222




