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Abstract

This thesis is focused on the biosynthesis of three toxins: fluoroacetate, 4-fluoro-L-
theronine and P-ethynyl-L-serine which are biosynthesised by the soil bacteria
Streptomyces cattleya. The two fluorinated metabolites originate from a common
biosynthetic pathway and the thesis describes studies carried out on an aldose-ketose
isomerase enzyme of the pathway. The biosynthetic origin of B-ethynyl-L-serine is not
known. A total synthesis of this acetylenic amino acid is described along with the
development of a new analytical method for identifying the metabolite and for future

isotope-labelling based biosynthetic studies.

Chapter 1 presents the background of this research. It is focused on the biosynthesis
of fluoroacetate and 4-fluoro-L-threonine by S. cattleya and it also introduces alkyne-

containing natural products and their biosynthesis.

Chapter 2 describes the work carried out on crystallisation of the aldose-ketose
isomerase of the fluorometabolite pathway in S. cattleya. Crystals of the isomerase were

obtained and they were diffracted by X-ray, however a structure could not be solved.
Chapter 3 contains a site-directed mutagenesis studies of the isomerase from . cattleya.
Chapter 4 describes an enantioselective total synthesis of f-ethynyl-L-serine. A robust
analytical technique based on derivatisation using ‘Click’ chemistry and LC-MS was

developed for the detection of this amino acid directly from the fermentation broth.

Chapter S details the experimental procedures for compounds synthesised in this

thesis and the biological procedures for gene cloning and protein purification.
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1. Introduction

1.1 Cell metabolism

Metabolism describes the chemical reactions that take place in a living organism, and
may be subdivided into primary and secondary metabolism.

Primary metabolism is the ordinary metabolic pathways which are essential to the
survival and function of a living organism. These pathways are involved in the central
roles of the cell for generation of energy, cellular reproduction, growth and
development, the breakdown of waste products and synthesis of the cellular
components, such as nucleic acids, amino acids, peptides, saccharides and lipids. The
functional molecules generated from primary metabolism are known as primary
metabolites; many biosynthetic paths of primary metabolites are universally found in

lower and higher organisms.

Secondary metabolism, on the other hand, refers to the metabolic pathways that serve
an alternative purpose other than the basic functions of the cell. Some bacteria
produce many secondary metabolites which act as signalling molecules, antibiotics,
toxins, pigments, etc. and they play important roles in their resource management and
interspecies defences. The biosynthetic pathways of the secondary metabolites are
highly differentiated among each species of bacteria and therefore give rise to a huge
range of natural products with a diversity of structure and complexity. The major
classes of secondary metabolites are the polyketides, terpenoids, non-ribosomal

peptides, alkaloids and glycosides.

Despite the chemical complexity of secondary metabolites, they are all assembled

from simple building blocks that are found in the primary metabolic pathways.



Acetate, shikimate and the 20 amino acids are the basic building blocks from which

most secondary metabolites are assembled (Scheme 1.1).
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Scheme 1.1. Simplified scheme showing the relationships between major primary and secondary

metabolites. (Scheme adapted from Biochemistry, David E. Metzler, Academic Press 1977)



1.2 Soil bacteria are a rich source of natural products

It has been estimated that there are 40 million bacterial cells of over 10, 000 different
species in every gram of soil.' Each of these bacteria strives to out-compete each other
for the limited nutrients available. This fierce natural selection process fuels the
development of their secondary metabolism, making the soil bacteria by-far the best
known microbial producers of antibiotics and other bioactive natural products; with

over half of the microbial antibiotics discovered originating from Actinomycetes.

Of all the soil-dwelling bacteria, the most notable genus is the Streptomycetes, the
largest antibiotic-producing genus known.’ Streptomyces bacteria are ubiquitous in
nature; they are spore-forming with very limited mobility; after germination from a
spore, they grow into mycelium fibres and finally differentiate into coiled threads of
spore particles for dispersion (Fig. 1.1). Due to their ecology and physiology, the
Streptomycetes protect their resources and colonise the soil by excretion of anti-

microbial metabolites to eliminate competing microorganisms in their vicinity.*

Many antibiotics currently in clinical use were discovered from Streptomyces bacteria,
some examples are given below in Fig 1.2. These antibiotics have contributed
significantly towards the management of bacterial infections in modern medicine and

have improved survival rates and helped save many lives.



Fig. 1.1. Streptomyces at various stages of its life cycle: A. Spore B. Vegetative hyphae develop from
spores germination C. Aerial hyphae with new spores formed as coiled threads at the ends.

L. Life cycle illustration in drawing. II. Scanning electron microscope images III. View of the colony.
(Images adapted from Practical Streptomyces Genetics4)

OH OH OH
OH
cl HO 2 HO OH
HN HzN ©
ON cl ol HO, NH,
o
o HMNHZ
Oxytetracycline Chloramphenicol Kanamycin
(Streptomyces rimosus) (Streptomyces venezuelae) (Streptomyces kanamyceticus)

Fig. 1.2. Examples of important antibiotics produced by Streptomyces species.



1.2.1 Streptomyces cattleya

In 1976, a new pB-lactam antibiotic thienamycin 1 was discovered by Kahan et al.
during the screening of various soil bacteria cultures.® This thienamycin producing

strain was then assigned the name Streptomyces cattleya (Fig. 1.3).

Fig. 1.3. S. cattleya maintained on a petri dish (30 days) in the laboratory environment. It produces

characteristic purple-coloured spores.

A group at Merck had focused their research efforts on the optimisation of
thienamycin production. This led to a chance discovery reported in 1986, of two
fluorinated metabolites from the broth of a fermentation of S. cattleya.® These

metabolites were shown to be fluoroacetate 2 and 4-fluoro-L-threonine 3.

F COy,
1 2
E /IOH \\\/:OH
"HsN™ "CO;, "HaN" O,
3 4

Fig. 1.4. Natural products of Streptomyces cattleya.



It was found that the soy bean flour from that experiment had an unusually high
concentration of fluoride salts and it was shown that when this microorganism was
grown in a media supplemented with fluoride, it produced these rare
fluorometabolites. Fluoroacetate 2 is known to be a very toxic substance” * and 4-
fluoro-L-threonine 3 was shown to be a broad spectrum antibiotic, although the latter
is not a useful candidate as an anti-microbial agent due to its high toxicity.” However
these metabolites have attracted interest as fluorinated natural products are extremely

rare in biology.

The Merck group isolated another rare amino acid, B-ethynyl-L-serine 4 in the
cultures of S. cattleya.” This acetylenic amino acid had previously been identified from

the fungus Sclerotium rolfsii'® and was already known to be a potent toxin.

The complete genome sequence of S. cattleya was published in 2011 by two groups
independently.'” * Its genome was found to consist of a linear chromosome of 6.28
Mb and a linear mega-plasmid of 1.81 Mb. The published genome has become a new
and powerful tool for researchers to gain an insight into the complex secondary

metabolism of this bacterium.



1.8 Halogenated natural products
The halogens are often utilised by living organisms and are incorporated into a myriad
of natural products; no less than 4000 of natural organohalogens have been described

so far."”® The halogen is often crucial for their bioactivities.'*'*

There are three general ways in which carbon-halogen bonds are generated
biochemically: either via a halide anion (X") acting as a nucleophile, a cationic
halonium ion species (X') acting as an electrophile or through a radical (X)

process.'® Examples of each category of reaction are shown in Table 1.2.

Electrophilic halogenation involves oxidation of the halide by hydrogen peroxide. This
type of reaction is well known in marine plants and microorganisms, as many
haloperoxidases have been characterised.'” '* The active halogen is a hypohalite
species stabilised by coordination to a transition metal centre (heme-Fe dependent

7

haloperoxidases,'”” vanadium-dependent haloperoxidases' '*) or an aromatic ring

(flavin-dependent haloperoxidases®). Nucleophilic halogenation uses the halide ion
directly as a nucleophile to attack an electrophilic carbon of the substrate.* **
Enzymatic radical halogenation processes are known to modify inert sp® carbons, such
as a methyl group. Several Fe(Il), a-ketoglutarate and O, dependent chlorinases have
been studied.”** They were observed to generate a Cl-Fe(IV)-oxo species that is
capable of abstracting a hydrogen atom to generate a substrate radical and an

intermediate Cl-Fe(III)-OH species, followed by C-Cl bond formation and reduction

to Fe(II).



Table 1.2. Examples of enzymatic halogenations

Mode of Example Active halogen species

halogenation

Electrophilic = Vanadium- ;f 0 ,O 5
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The chemistry for chlorination, bromination and iodination could all be achieved by
nucleophilic reaction with the halide ion, electrophilic reaction with the halonium ion

or generation of a halogen radical species in biological systems.

Biological fluorination, on the other hand, is only possible via a nucleophilic fluoride
ion. In order to generate the fluorine radical or a cationic fluorine species, F(-1) must
be oxidised; however the oxidation potential of F(-1) required to generate F(0) is very
high (E®, = -2.87 V) and unattainable by coupling to either the reduction of H,O,
(E® = +1.77 V), the oxidant of haloperoxidase reactions or any other known
reductions in the cell. As a result, both radical and cationic fluorine cannot be
generated. Even the hypofluorite ion OF™ has F in a -1 oxidation state, F being more
electronegative than O. Fluoride ion (F) is a very poor nucleophile in aqueous
systems for two reasons, firstly the anion is heavily hydrated due to its high charge
density, and the resulting hydration shell reduces the nucleophilicity of F~. Secondly,
the fluorine lone pair orbitals are contracted and good orbital interactions are difficult

to establish (Table 1.3).

Table 1.3. Selected thermodynamic values for halogens.27

Halogen  Redox potential 0—-1 Redox potential +1—0 Hydration enthalpy
BX, + e =X HOX +H'+e” = 141X, +H,0 X (@ = X (aq)
E°/V E°/V AH®,;./KJmol
F +2.87 not applicable 506
Cl +1.36 +1.64 364
Br +1.07 +1.59 335

I +0.54 +1.45 293
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Chlorine is the most common halogen found in natural products, followed by
bromine. Fluorinated and iodinated natural products are comparatively rare, although

over 100 iodinated products are known."

The Oceans are where the majority of bio-available halogens are to be found, where
chlorine (1.94 % by mass) is significantly more abundant than bromine (67.3 ppm),
fluorine (1.3 ppm) and iodine (0.06 ppm).”” This order of halide abundances in the
Oceans corresponds to the order of the numbers of discovered halogenated natural
products, however the number of fluorinated natural products is fewer than excepted,
and this is most likely due to the difficulties in biological fluorination chemistry

described above.

Although the levels of fluoride are low in sea water, fluorine is still the most abundant
of the halogens on the Earth’s crust (0.058 % by mass®’). However, most of the Earth’s
fluorine occur as highly insoluble metal fluoride minerals, such as fluorite (CaF,) and
cryolite (Na,AlF,). In this insoluble form, fluoride ion cannot be easily utilised by
living organisms, a significant factor contributing to the under-development of a

fluorine biochemistry.



1.3.1 Fluorinated natural products

11

Five fluorinated natural products have been unambiguously described from plants and

bacteria (Table 1.4). Additionally two other fluorinated compounds (fluoroacetone

28, 29

and S-fluorouracil®®) were reported but it is not clear they are true natural products.

Table 1.4. The five fluorinated natural products.

Fluorinated Structure First Producing
Natural Product identified Organism(s)
Fluoroacetate 1943 Dichapetalum cymosum”*!
F7>coy (South African shrub)
Streptomyces cattleya9
2 (soil bacterium)
(2R, 3R)- HO COOH many plants*
. Hooc. A __COOH
2-Fluorocitrate ;
£
5
w-Fluorofatty acids F/\M/:\M/COOH 1959 Dichapetalum toxicarium
7 7 (West African shrub) ***°
6
eg. w-fluorooleic acid
Nucleocidin NH> 1957 Streptomyces calyus™**
o </N f N (soil bacterium)
0=5-0 N N/)
|
NH; o
F
OH OH
7
4-Fluoro-L- F OH 1986 Streptomyces cattleya’
threonine /I (soil bacterium)
HNT > CO,
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Fluoroacetate 2 is the most common natural product of this class, first identified in

1943 as the toxic component of a South African plant Dichapetalum cymosum.” !

Later, it was found that many other species of poisonous plants across Africa,*” *

1* accumulated fluoroacetate in their tissues. Further reports have

Australia*' and Brazi
found varying concentrations of fluoroacetate in samples of tea leaves from different
origins® and it has been suggested that the ability to biosynthesise fluoroacetate by
plants may be quite common.” ** Although the biological conversion from fluoride to

fluoroacetate in plants has yet to be studied in detail, its poisoning mechanism has

attracted more attention and is better understood.

Once fluoroacetate is absorbed into a living cell, it is processed by the enzymes that
utilise acetate. Its conversion to fluoroacetyl coenzyme A (CoA) 8 is readily
observed®™ * and this derivatisation brings fluoroacetate into cellular metabolic
pathways. Fluoroacetyl-CoA enters the Krebs cycle, the energy-generation cycle that
oxidises acetate from the break-down of glucose. In the Krebs cycle fluoroacetyl-CoA
undergoes a condensation reaction with oxaloacetate 9, to generate fluorocitrate §.
This reaction is catalysed by citrate synthase. Only the (2R, 3R) diastereoisomer of
fluorocitrate § is produced, which is also the only toxic stereoisomer.” The other three
possible stereoisomers of this molecule are non-toxic. (2R, 3R)-2-Fluorocitrate
inhibits the next enzyme of the Krebs cycle, aconitase, which interconverts citrate and
isocitrate (Scheme 1.2).* * Inhibition blocks this crucial metabolic pathway,
hindering the complete oxidation of glucose and accounting for the very high toxicity

of fluoroacetate in mammals and other organisms.
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0]
[ coasH o 00t oo o9
F F 9 "00C _*\_COO inhibits
\)J\O' SCoA : aconitase
acetyl-CoA citrate F
2 synthetase 8 synthase 5
ATP AMP + PPi H,O CoASH

Scheme 1.2. The biosynthesis of 2-fluorocitrate.

Producers of fluoroacetate, such as the poisonous plants and the bacterium
Streptomyces cattleya show high tolerance to the toxin, most likely due to the presence
of a resistance mechanism that hydrolyses fluoroacetyl-CoA. One of the genes
clustered with the fluorination enzyme of S. cattleya, fIK, encodes for a fluoroacetyl-
CoA thioesterase and the current view is that this gene expresses an enzyme which
confers resistance by hydrolysing fluoroacetyl-CoA (Scheme 1.3).*° It has also been
observed that mitochondrial extracts of D. cymosum are also able to catalyse the
hydrolysis of fluoroacetyl-CoA.*! (2R, 3R)-2-Fluorocitrate § is not a true secondary
metabolite as it is only formed as an unintended product when fluoroacetyl-CoA is
substituted for acetyl-CoA in primary metabolic reactions. However it is a metabolite
of fluoroacetate when it has been taken up by living cells and is also considered as one

of the true organofluorine natural products.

o) 0
H,0
F F
\)kSCoA - %o-
8 FLK 2

Scheme 1.3. The ester hydrolysis of fluoroacetyl-CoA.

The w-fluorofatty acids also originate from fluoroacetyl-CoA. These fluorinated fatty

acids are found in the seeds of a plant from Sierra Leone, Dichapetalum toxicarium.>>>*

The fatty acids are generated when fluoroacetyl-CoA is utilised as the starter unit in
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fatty acid biosynthesis (Scheme 1.4), however presumably since fluoromalonyl-CoA is
not formed, the fluorine is always located at the terminus of the fatty acid chain.* In
this case, the fluorinated fatty acids are thought to be produced when fluoroacetyl-

CoA is a surrogate substrate instead of acetyl-CoA for enzymes of the primary

metabolic pathways.
Fatty acid
0 o o synthase A® desaturase
F — » F COOH - — COOH
%SCOA *o8X -OMSCoA ~hy FT— ™
8 10 7 7 7
1 6
starter unit extender units . ) . .
fluoroacetyl-CoA malonyl-CoA wo-fluorostearic acid wo-fluorooleic acid

Scheme 1.4. The biosynthesis of w-fluorooleic acid in D. toxicarium. Other w-fluorofatty acids are

also formed similarly, differing by the number of chain extension cycles and the desaturation step.

From the five recognised organofluorine natural products, three are produced by

Streptomyces bacteria.

Nucleocidin 7 is a nucleoside sulfonamide antibiotic isolated from Streptomyces
clavus.>**® Shortly after its initial discovery in 1957, re-isolation of this fluorinated
compound has proven very difficult. These cultures have been kept by several
collections worldwide but despite many attempts by different research groups, there
has been no successful reproduction of this metabolite. Therefore S. cattleya is the

only strain of bacteria that is still able to perform fluorination in vivo.

4-Fluoro-L-threonine 3 is co-produced by Streptomyces cattleya with fluoroacetate 2.
They share a biosynthesis pathway, branching only at a late stage. The fluorination
event and subsequent biosynthesis of 2 and 3 are now quite well understood and will

be described in some detail below.
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1.3.2 Fluorometabolite pathway of Streptomyces cafttleya

Of the known species that produce fluorometabolites, S. cattleya was clearly the most
practical organism to begin a biosynthesis study due to the relatively simple

biochemistry of a bacterium compared to plants.

Early isotope labelling studies using deuterium labelled fluoroacetaldehyde identified
fluoroacetaldehyde 12 as a common precursor of 2 and 3.>* This was followed by "°F
NMR experiments of cell free extracts (CFE), which allowed identification of all of the
fluorinated intermediates and suggested the six enzyme activities involved in the

conversion of fluoride ion to 2 and 3. The pathway is illustrated in Scheme 1.5.

"H3N,, _COO

NH NH,
S]
(ij’\‘ F L-Met «NfN HPO,2 adenine
~
Me—S2® N N U F N N/) U = F
(e} 0 = (@)
fluorinase purine nucleoside OPO4;%
OH OH OH OH phosphorylase OH OH
13 SAM 14 5'-FDA 15 5-FDRP
isomerase 1
o]
OH O ov L-Thr HO\)I\/OPO;»
o 17 OH O
o LL‘ F\)J\H \ FMOPO32'
F o NHg PLP oH
3
fluoroacetaldehyde 12 ribulose 1-phosphate
4-fluoro-L-threonine transaldolase aldolase 16 5-FDRulP
NAD*
+
H,0 fluoroacetaldehyde
dehydrogenase
NADH
o]
F
.
2
fluoroacetate

Scheme 1.5. The fluorometabolite pathway of S. cattleya.
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Highlights of the studies carried out at the Universities of St Andrews and Durham

investigating this pathway are described below.

1.3.2.1 Fluoroacetaldehyde as a common precursor

The first understanding of this pathway focused on fluoroacetaldehyde, the immediate
precursor to fluoroacetate and 4-fluorothreonine, establishing the metabolic
relationship between these two natural products. Isotope experiments concluded that

fluoroacetate was not a precursor to 4-fluorothreonine and vice versa.”

Fluoroacetaldehyde 12 was then confirmed as a common intermediate by the efficient
conversion of a synthetic sample of [2,2-’H, |fluoroacetaldehyde into deuterated 2

and 3 by resting cell cultures of S. cattleya.”

The oxidation of 12 into 2 by an NAD" dependent dehydrogenase was envisaged and
a search was made to isolate such an enzyme from the cell-free extract (CFE). An
active enzyme was purified that efficiently carried out the conversion. This enzyme
had a native molecular weight of 200 kDa and is ten-fold more specific for

fluoroacetaldehyde (K, = 80 uM) than acetaldehyde (K, = 810 uM).>

NAD*

fluoroacetaldehyde
dehydrogenase
12 2

Scheme 1.6. The fluoroacetaldehyde dehydrogenase reaction.
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The formation of 4-fluorothreonine 3 from fluoroacetaldehyde 12 was anticipated to
be mediated by a pyridoxal 5’-phosphate (PLP) enzyme, similar to known bacterial
threonine aldolases that couple glycine with acetaldehyde in the synthesis of the
amino acid L-threonine.** Based on this, partially purified fractions of the cell-free
extract were screened for activity using "’F-NMR with various amino acids (glycine,
threonine, alanine, serine, cysteine, aspartate) and fluoroacetaldehyde in the presence
of the co-factor PLP. Only the amino acid L-threonine led to the production of 4-
fluorothreonine. An active fraction of the CFE was located and purified to give a
protein with a denatured mass of 60 kDa and which seemed to be a dimer in its native
form.> This threonine transaldolase is distinct from other related enzymes in that it

does not accept glycine as a substrate.

L-threonine
0] OH o)
PLP =
F "00C : F +
Joe ™ e A
threonine NH,*
12 transaldolase 3 acetaldehyde

Scheme 1.7. The PLP-dependent threonine transaldolase reaction.
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1.3.2.2 Identification of the fluorination enzyme

C-F bond formation is the key step of the biosynthesis of the two organofluorine
natural products and thus research efforts were focused on studying how an
organofluorine compound was produced from potassium fluoride in the CFE of S.
cattleya. It was anticipated that, fluorophosphates may be candidates for an ‘active
fluoride” for the fluorination reaction. Accordingly, various phosphate-containing
substrates, such as ATP, GTP and CTP were incubated with KF and the CFE. In this
experiment, ATP incubations unexpectedly yielded three organic fluorine signals in

the ’F NMR, one of which was assigned as fluoroacetate.*

Based on the structure of ATP 18, a product 5’-deoxy-5’-fluoroadenosine (5’-FDA)
14 was proposed where the triphosphate group was displaced by nucleophilic attack of
fluoride. After further interrogation of the CFE, it was found that the addition of L-
methionine with ATP increased the production of organic fluorine compounds. This
suggested S-adenosyl-L-methionine (SAM) 13 as a more immediate substrate for
fluorination, as ATP 18 is readily transformed to SAM by L-methionine

adenosyltransferase,”” an enzyme present in the CFE.

“00C N NH, NH,

NH, H"
N fN g’ N ﬁ N N A
7 ¢ T 1)
§ 9 9 <N N/) L-methionine ~ Me—ST N N/) F o F <N | J
o ¢}

O—FI’—O—IID—O—P—O o N
o o o - = -
methionine fluorinase
OH OH adenosyltransferase OH OH OH OH
18 13 14

Scheme 1.8. The methionine adenosyltransferase and fluorinase reactions.

Incubation of SAM alone (without ATP) with KF in the CFE of S. cattleya allowed the
generation of fluoroacetate. This confirmed SAM 13 as the substrate for fluorination,

and 5’-FDA 14 was also confirmed as an intermediate on the pathway using a
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synthetic reference sample. The reaction that converts SAM to §’-FDA is the first step
of secondary metabolism to fluorometabolites 2 and 3.°° An enzyme was subsequently
purified from the CFE that was capable of this fluorination reaction in vitro.”” The
enzyme was given the common name ‘fluorinase’ (5’-deoxy-5’-fluoroadenosine
synthase) and is the first enzyme known to utilise inorganic fluoride to form a C-F

bond in nature.

It became an objective at that time to over-express the genes encoding the fluorinase.
A partial amino acid sequence was obtained by Edman degradation, from analysis of
the wild-type protein, and this was used to design PCR primers for the fluorinase.
After successful cloning of the fluorinase gene, it was found to over-express well in E.
coli using a pET28A(+) plasmid.”® Using this over-expression system, the fluorinase
proved relatively easy to produce in mg quantities with a His affinity tag. Thus it was
possible to simplify the multi-step purification procedure to an elution by nickel
affinity chromatography. The availability of the fluorinase enzyme assisted in solving

the crystal structure of this protein.

The crystal structure revealed the protein to be a hexamer (dimer of trimers), and
revealed three active sites, located at trimer interfaces. SAM was actually observed
bound at the active site in the crystal structure through specific interactions of amino
acid residues with the adenine ring, ribose ring and the L-methionine chain of SAM,
indicating a very high specificity for SAM as a substrate. When fluoride was added to
crystallisation trials, the enzyme turned over and a structure with the products 5’-FDA
14 and L-methionine bound at the active site was obtained. A comparison of the

structures with the substrate and the products was consistent with an Sy2 reaction
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course with the C-F bond of 5-FDA and the C-S bond of SAM being arranged in an

approximately planar fashion when the structures were overlapped (Fig. 1.5).>®

Further studies using SAM, prepared with a stereogenic centre at the 5’-carbon, which
was generated by substitution of one of the 5’-methylene hydrogens with deuterium,
confirmed the fluorinase reaction goes through one inversion of configuration,

consistent with an S;2 mechanism.”

Ar9270 Ser269
I
O  Phe?™
HN H | Asp210 Asp215
+
)/'_N\H\ H Phe?>

Fig 1.5.

(Above) Schematic representation
of the active site of fluorinase
showing the reaction of SAM and F..

(Left) Crystal structure of the trimer
showing 5’-FDA bound in the active
sites at the interfaces of the
monomeric units.*®

Image taken from 58,
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1.3.2.3 Purine nucleoside phosphorylase

With the knowledge of the first step of the fluorometabolite pathway, the fate of the
product $-FDA 14 was investigated. 5’-FDA is a close analogue of adenosine and
enzymes that metabolise adenosine were investigated, including that of a purine
nucleoside phosphorylase (PNP).” The reaction outcome of $-FDA with a PNP
enzyme results in the displacement of the purine by phosphate at the anomeric
carbon. The validity of this intermediate was demonstrated when S-deoxy-S-fluoro-a-
D-ribose 1-phosphate (S-FDRP) 15 was converted into fluoroacetate after it was

added to a CFE of S. cattleya.®"®

NH,
a0
4
. \ N/) PNP - NH,
0 - - 0 N Ay
+ </ | )
O OPO,* N" N7
14 o 15 19

Scheme 1.9. The PNP reaction.

Subsequent studies led to the partial purification of a PNP from the CFE of S. cattleya,
and showed that it converts $-FDA 14 into S-FDRP 15.° Later genetic studies
(described in more detail in 1.3.2.7) would identify a gene (fIB) encoding a PNP
enzyme situated adjacent to the fluorinase gene (flA) in a gene cluster dedicated to

fluorometabolite biosynthesis.*
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1.3.2.4 Identification of a ribulose phosphate as intermediate
5-FDRP 18, the product of the PNP reaction on §’-FDA 14, resembled S-methylthio-a-

D-ribose 1-phosphate (MTRP) 20 from the methionine salvage pathway (Fig. 1.6).

F MeS

1 :o: 1 :o:
OPO5% OPO5%
OH OH OH OH
15 20

Fig 1.6. Intermediate ribose 1-phosphates from the fluorometabolite pathway and the methionine

salvage pathway.

The methionine salvage pathway is a primary metabolic pathway, present in most

organisms including bacteria® %

and eukaryotes® with the purpose of regenerating
L-methionine from waste by-products of SAM. In this way, valuable sulfur-containing

resources are conserved within the cell.

In the methionine salvage pathway, 20 is a substrate for an isomerase which opens the

hemiacetal group of the ribose ring into an acyclic keto-sugar (Scheme 1.10).%*

MeS isomerase
o} (methionine salvage pathway) OH O
k 7\ . mes._L _J__oros>
OPO;* :
OH OH (_)H
20 21

Scheme 1.10. The isomerase reaction from the methionine salvage pathway.

If S-FDRP 15 was a substrate for this isomerisation reaction, the expected product

would be 5-deoxy-S-fluoro-D-ribulose 1-phosphate (S-FDRulP) 16.
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This isomerase activity is an attractive prospect as a component of the
fluorometabolite biosynthetic pathway, since such keto-sugars are common products
of dihydroxyacetone phosphate (DHAP) dependent aldolases.”® Such an aldolase
could mediate a reverse reaction from the keto-sugar chain to give fluoroacetaldehyde.
Using "F-NMR to monitor formation of new organofluorine species, a new compound
was observed when S-FDRP 1§ was incubated with a CFE of S. cattleya. This
compound was confirmed as S-FDRulP 16 by GC-MS analysis after derivatisation of
the reaction mixture with N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)
22.% The persilylated S-FDRP 23 had a different retention time to persilylated
5-FDRulP 24, and their identities were assigned by their different ion fragmentation

patterns (Scheme 1.11).

(e isomerase OH O
F AN _opos
OPo32- ~_~—

GC-MS analysis

0]
F3CJ\ITI’Me
SiMe3
22 |
E 'm/z = 283
. Me3Si |
° §IMe3 \O O (I? SiMe
° \/'\:\))J\/ -P-0" ’
0 O\P//O_SiMeg, F N O ? O
./ | I ~ O\ .
Me3S| SiMe3 (@) O\SiMe3 SIM63
23 24
[M]* m/z = 520 IM]* m/z = 520

Scheme 1.11. The isomerase reaction from the fluorometabolite pathway and its GC-MS analysis.

An isomerase enzyme was purified from the CFE which had the capability to convert
S-FDRP to S-FDRulP.”” A mechanistic and crystallographic study of the isomerase is

the focus of the thesis and will be discussed in greater detail in Chapter 2.
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1.3.2.5 An aldolase completes the pathway

Fluoroacetaldehyde 12 has already been confirmed as an intermediate of the
fluorometabolite pathway. A retro-aldol reaction on S-FDRulP 16 offered a potential
route to 12, and this type of reactions is known to be catalysed by DHAP-dependent
aldolases.”® These aldolases are ubiquitous and catalyse coupling reactions between
dihydroxyacetone phosphate 17 and (S)-lactaldehyde 25 or glyceraldehyde
3-phosphate (G3P) 26 to generate pentose sugars. The reaction generates two
stereogenic centres. DHAP aldolases are classified into four types according to the
stereochemistry of the product””> (Scheme 1.12). Based on the stereochemistry at C-3
and C-4 of D-ribulose, the aldolase of the fluorometabolite pathway belongs to the

fuculose 1-phosphate aldolase class.

OH O OH O

OH OH

OH
27 16
Fuculose
R =H| 1-phosphate
aldolase
|O R=H (2S) 25
R R =0PO;* (2R)
Fructose OH 26 | Rhamnulose
1,6-bisphosphate 1-phosphate OH O
OH O aldolase aldolase .
2 OPO;
OPO3
20,,0” ) 2 * R=H
OH OH R = OPO;3 o = OH OH
HO OPO4*
28 A oro; 29
17
) Tagatose
R =0PO3* | 1,6-bisphosphate
aldolase
OH O
- OPOs%
20,P07 3
OH OH
30

Scheme 1.12. The aldol condensation products from the four classes of aldolases.
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There are several aldolases present in S. cattleya, and in early work identified two: one
is a putative fuculose 1-phosphate aldolase and the other is a fructose 1,6-
bisphosphate aldolase,”” which was shown to produce an incorrect diastereomer,
5-deoxy-S-fluoro-D-xylulose 1-phosphate, in the reverse reaction between DHAP and

ﬂuoroacetaldehyde.62

Attempts to purify the putative fuculose 1-phosphate aldolase from the CFE of
S. cattleya by chromatographic methods were not successful.” Cloning this gene from
the genomic DNA of S. cattleya using PCR primers, designed from the known
sequence of a related fuculose aldolase from Streptomyces coelicolor, were also

frustrated.”

EnzB:\' 5-deoxy-5-fluororibulose
H. 1-phosphate
O OJ .. aldolase ? 9
F A oro, o F_)  + ol oproz
OH
16 12 17

Scheme 1.13. The putative aldolase reaction for the generation of fluoroacetaldehyde from 16.

To date, the aldolase involved in the fluorometabolite pathway in S. cattleya is
uncharacterised at the protein and genetic level. However, the full genome of the
organism has been recently sequenced and annotated and the putative fuculose
aldolase gene sequence has become available. The over-expression of this and other
candidate aldolases is underway to identify the last enzyme of the biosynthetic

pathway.
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1.3.2.6 The in vitro reconstitution of the fluorometabolite
pathway

An experiment was designed to reconstruct the biosynthesis of 4-fluoro-L-threonine 3
in vitro.”* This was carried out to demonstrate that the natural product 3 could be
generated from KF and SAM 13, through the reactions of five purified enzymes and

co-factors alone.

The fluorinase, PNP, isomerase and fluoroacetaldehyde transaldolase from S. cattleya
have an established over-expression system, however the aldolase gene had not been
identified and a surrogate fuculose 1-phosphate aldolase from S. coelicolor was used in
the experiment. Co-factors (Zn** ions and PLP) and reactants (KF, L-threonine) were

supplied and the enzymatic reaction was carried out in phosphate buffer.”*

® €]
H3N COO
3, NH, NH,
N SN N
¢l g KF ¢ SN KH,PO, / K,HPO,
(0] e} < (6]
fluorinase PNP OPOz*
OH OH (S. cattleya) OH OH (S. cattleya) OH OH
over—expressed over-expressed
13 SAM in E. coli 14 5'-FDA in E. coli 15 5-FDRP
isomerase
(S. cattleya)
over-expressed
in E. coli
OH O L-threonine oH O
2+
° PLP o Zn .
o . HL _ _F OPO;
B ] H —_—
F @oNH =
* F OH
3 fluoroacetaldehyde fuculose 1-phosphate
transaldolase aldolase
4-fluoro-L-threonine (S. cattleya) 12 (S. coelicolor) 16 5-FDRulP

over-expressed
in Streptomyces lividans

over-expressed
in E. coli

Scheme 1.14. The 4-fluorothreonine pathway in vitro reconstitution experiment.
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The reaction was monitored by ’F NMR and the production of each metabolite can
be seen in the sequential enzyme omission experiments’” " (Fig. 1.7). When all the
enzymes were present the production of 4-fluorothreonine was observed in vitro,

which substantially validated the in vivo pathway.

idl
15 oduct 12 14 16 3
5-FDRP 5’-FDI fluoroacetaldehyde 5’-FDA 5-FDRulP 4-fluorothreonine
Reconstruction ‘ \
experiment

(five enzymes)

Without transaldolase

Without aldolase | L

s ot i e e e e

Without isomerase ||

Without PNP A

Without fluorinase

I | [ I | f
-231.2 -2314 -231.6 -231.8 -232.0 [ppm]

Fig. 1.7. The "F{'H} NMRs of the 4-fluorothreonine pathway reconstruction experiment. The
formation of the intermediates could be observed in the single-enzyme omission experiments. The
formation of 5’-FDI (5’-deoxy-S’-fluoroinosine) was due to a deaminase activity contamination in

the protein preparation of the over-expressed PNP.”
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1.3.2.7 The genetic studies of the fluorometabolite pathway

Successful cloning of the fluorinase gene in 2004°° shortly after the identification of
the enzyme’® was a stepping stone for unravelling the details of fluorometabolite
biosynthesis. The genetic information assisted in the biological studies of the genetic

and molecular biology of fluorometabolite biosynthesis.

Secondary metabolism gene clusters are well known now in many strains stemming
from the studies of the genetic arrangements in Streptomyces coelicolor.”® All the genes
involved in the biosynthesis, regulation and resistance of an antibiotic are usually
located together on the chromosome, and this group of dedicated genes are known as

a biosynthetic gene cluster.

It was thought that the genes for fluorometabolites might also be clustered, therefore
Dr Jonathan B. Spencer and co-workers (University of Cambridge) sequenced the
genes neighbouring the fluorinase by a gene-walking technique, and identified a 10 kb
gene cluster” (known as the ‘Spencer cluster’) (Table 1.5). Within this cluster were
twelve open reading frames (ORFs), including the fluorinase gene (fIA) and a gene

(fIB) encoding for the purine nucleoside phosphorylase (PNP).

There are also other genes that may be involved in the regulation of the pathway, such
as DNA binding regulatory proteins (fIE, fIF, fIG, fIL) and a Na*/H" antiporter (fIH).
This antiporter may have a role involving fluoride uptake into the cell. However
sequence homology does not confirm their functions. A fluoroacetyl-CoA thioesterase
gene (fIK) was also present, and may confer fluoroacetate resistance to the organism
by breaking down fluoroacetyl-CoA 8 which leads to the toxic synthesis of 2-

fluorocitrate § (Scheme 1.2). Interestingly, the complete biosynthetic pathway was
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not featured within this gene cluster indicating that other genes must be located

elsewhere on the chromosome remote from cluster.

Table 1.5. The fluorometabolite gene cluster (Spencer cluster).”

flE fiD

fic fie

fil flJ fiIKk fiL

ORF Start/Stop (bp) Length (amino acids) Annotated function

flE 130-795¢ 222 DNA binding regulatory protein
flD 857-1540¢ 216 Dehalogenase/Phosphatase
fic 1845-3036 397 MES permease

fiB 3057-3953¢ 299 Purine nucleoside phosphorylase
flA 4173-5069 299 Fluorinase

flF 5197-5751 185 DNA binding regulatory protein
fic 5951-6652 234 DNA binding regulatory protein
flH 6652-8052c 467 Na'/H" antiporter

fll 8314-9780 489 Homocysteine lyase

fl 9803-10195 131 DNA binding protein

flIK 10592-10176¢ 139 Thioesterase/acyltransferase
flL 10700-11374 225 DNA binding regulatory protein

The full genome of S. cattleya was finally realised in 2011 with two groups completing

a full genome sequence.'”'* The genome consists of a linear chromosome of 6.28 Mb

(5822 genes) and a linear mega-plasmid of 1.81 Mb (1747 genes); the six biosynthetic

genes involved in fluorometabolite biosynthesis are scattered on the genome without

any recognisable pattern. A schematic illustration below shows the location of the six

genes on the chromosome and the mega-plasmid. In particular, the transaldolase and
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the putative aldolase are located on the megaplasmid, whereas the Spencer cluster is

on the chromosome.

- x"“"
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6,282,967 bp SCATT_p05770
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Fig 1.8. The full genome map of S. cattleya.

In order to validate the role of these six enzymes in vivo and other genes within the
Spencer cluster, specific gene knock-out mutant strains of S. cattleya for all the relevant
genes were prepared and the mutants were grown by fermentation and examined for
fluorometabolite production.

The four mutants that had one of the first four enzymes of the pathway knocked out
failed to produce any fluorometabolites, but the knock-out mutant of the threonine
transaldolase was still able to produce fluoroacetate 2 consistent with the current
understanding of branch point on the fluorometabolite biosynthesis pathway

(Scheme 1.15).”

12 F detected by NMR

Scheme 1.15. The threonine transaldolase gene knock-out experiment.”’
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1.4 Acetylenic natural products

The alkyne functional group is found on a number of natural products isolated from
bacteria, fungi, marine organisms, insects and some animals, and more than 2000 such
structures have been isolated and characterised containing one or more triple bonds.”
The group is essentially a rigid linear hydrophobic structure, which can impose a

major influence on the shape and activity of the natural product.

The majority of acetylenic metabolites have been isolated from plant sources. The first
such compound was (E)-dehydromatricaria ester 31 although its structure was
unknown at the time.”” The first structurally characterised acetylenic natural product
was tariric acid 32 isolated in 1892.*° As the isolation and analytical techniques for
natural products advanced, an expansion occurred in the number of acetylenic
compounds reported over the last 30 — 40 years. Most of these compounds are from
plant sources especially from the family of Asteraceae and these compounds are

81, 82

largely related to fatty acid biosynthesis, many of which are polyacetylenic -

containing multiple acetylene bonds in the structure.

Me—————— (0]
N\ s X, , COOH
OMe 5
31 32

Fig 1.9. Representative acetylenic natural products.

The presence of the C=C bond is not limited to long chain fatty acids, it is also found
in a range of other natural products,” such as polyketides and non-ribosomal peptides
(incl. enediynes, sporolides, jamaicamides), terpenoids, alkaloids, aromatic

compounds derived from shikimate and small acetylenic amino acids.
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1.4.1 Acetylenic fatty acids from plants and fungi

The majority of acetylenic natural products are elaborated from acetate-derived fatty
acids through sequential desaturation of their alkyl chains. They comprise a very large
number of compounds with varied chain-lengths and oxidative modifications. Many of
these are polyacetylenic fatty acids, containing multiple alkynes in one chain. The

acetylenes are also often stabilised by conjugation to adjacent alkene systems. Several

examples are shown below (33 - 36).%%%%
OH OH
A AN
X X
X _— X —
OH
33 34
(R)-(-)-falcarinol (3R, 8S)-falcarindiol
from Apiaceae & Araliaceae species from Apiaceae & Araliaceae species
H
Me———~wv, - T .
N\—0 N\ H
N HO
@)
35 36
(R)-(-)-marasin
from Chrysanthemum flosculosum (plant) from Marasmius ramealis (fungus)

Fig. 1.10. Examples of polyacetylenes from plants and fungi.

In plants, these polyacetylenes are localised at specific locations thought to be related
to their biological role. For instance, the polyacetylenes: falcarinol 33 and falcarindiol
34 were found to be concentrated in the exterior surface tissues of the root of the carrot

plant (Daucus carota), where these compounds confer fungal resistance to the root.*

Falcarinol 33 has also been indicated as an active cancer-protective ingredient of the
carrot and ginseng (Panax quinquefolis) plants and its use as an anti-cancer agent is
under investigation as it was shown to induce apoptosis in large tumours.”” However
these beneficial properties are not expected to be general among the polyacetylenic

lipids.
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1.4.1.1 Biosynthetic pathways of acetylenic fatty acids

A large number of acetylenic compounds were isolated from plants and fungi by the
pioneering work of Sir Ewart H. R. Jones (University of Oxford) and Professor
Ferdinand Bohlmann (University of Berlin) in a span of around 30 years.”
Collectively they created a library of over a thousand of these fatty acids derived
acetylenic structures.

The biosynthesis of acetylenic compounds in plants and fungi were examined and all of
them were found to have originated from three monoacetylenic fatty acid precursors:
crepenynic acid 37, stearolic acid 38 and tariric acid 32. These precursors are the first

entry points into secondary metabolism distinguished from fatty acid biosynthesis.

N

7 7 5

crepenynic acid stearolic acid tariric acid
37 38 32

Fig 1.11. The monoacetylenic precursors to acetylenic natural products in plants and fungi.

88, 89

The crepenynic acid pathway™™ * is the most common of the three. Crepenynic acid
37 is produced from C, linoleic acid by an A'* acetylenase, which converts the C-12
alkene to an alkyne. Further desaturation of the lower alkyl chain into acetylenes can
take place through two-step sequences of desaturase and acetylenase activities,

generating both di- and tri- alkynes. The intermediates along this route are further

elaborated into many acetylenic metabolites (Scheme 1.16).

The stearolic and tariric acid pathways are less widespread;’® stearolic acid 38 is the
product of an A’ acetylenase on oleic acid (C,;) while tariric acid 32 arises from the
reaction of petroselinic acid with an A® acetylenase. Both 38 and 32 are also further
oxidised into polyacetylenes and these building blocks are then fashioned into the

various metabolites.
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39 10
l Fatty acid synthase

O

stearate \HJ\ SCoA

16
40

l A® Desaturase

(0]
\/\/\/\/:\M)‘kSCOA
7
oleate ol
l A'? Desaturase
(0]

Primary 7
metabolism linoleate 42
Secondary l A'? Acetylenase
metabolism

crepenynate

l A'* Desaturase

O
SCoA

l A Acetylenase
O

l A'® Desaturase

A 0
SCoA

l A'® Acetylenase

Scheme 1.16. The crepenynate pathway for acetylenic compounds in plants and fungi.**®
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1.4.1.2 Acetylenase

Some acetylenases from plants and fungal sources have been cloned and expressed.
The alkyne-forming reaction is a direct net dehydrogenation of a cis-alkene, which is

coupled to NADPH oxidation and the reduction of oxygen to water.”

H H acetylenase

NADPH  NADP*
0, H,0

Scheme 1.17. The acetylenase reaction for the conversion of a (Z)-olefin to an acetylene.

Some mechanistic studies have been carried out with the A'? acetylenase from Crepis
alpina which dehydrogenates the C-12 cis-alkene of linoleate 42. A primary kinetic
isotope effect (KIE) was measured for abstraction of H-12 (ky/k, = 14.6) and a
secondary KIE for H-13 (ky/kp = 1.25), which suggests a stepwise hydrogen
abstraction commencing with H-12, to generate either a cationic or radical
intermediate species, followed by the loss of H-13 and formation of the new & bond
(Scheme 1.18).°' No further evidence has been published and the detail of this

enzymatic mechanism is still unknown.

o

H 4, H
/\/\)ZQ/:W&SCOA

42 7

l knlkp = 14.6

l kH/kD =125

o}
N _—
SCoA
7

43

Scheme 1.18. The kinetic isotope studies on the mechanism of the acetylenase.”
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1.4.2 Terminal acetylene metabolites from marine sources

When alkynes are found in natural products, they most frequently occur as internal
acetylenes, consistent with derivation from the desaturation pathways described above.

Terminal alkynes are comparatively rare and their origin may involve new enzyme chemistry.

Most of the natural products with terminal acetylenes have been isolated from marine
organisms. The marine cyanobacteria Lyngbya majuscula was found to produce an
unusual bromine terminated acetylene, jamaicamide A 44 and its debromo analogue

45, for which a study of their biosynthesis has taken place.”

An array of
cyclodepsipeptides was also isolated from the same species.”” ** They contained a
terminal acetylenic branch extending from the cyclic peptide core. Similar compounds
were found in higher marine organisms that feed on cyanobacteria, such as from

mollusc®™ ¢

and sea hares.” In addition, some very long chain (C,, to C,,) terminal
polyacetylenic alcohols and acids called triangulynes 46 were extracted from the

marine sponge, Pellina triangulata® and a group of long chain polyacetylenic propargyl

alcohols petroformynes 47 were isolated from the Petrosia sponges.” '?°
Cl
OMe O | X
= Z
44 (X = Br) Jamaicamide A
45 (X = H ) Jamaicamide B
OH
= TN
= A
% CO,Me OH OH
: o
47 Petroformyne A %

46 Triangulynes D

Fig. 1.12. Examples of terminal alkyne marine natural products.
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1.4.2.1 Jamaicamides and a putative terminal acetylenase

L. majuscula produces several metabolites with terminal acetylenic groups, however
the one that has attracted most attention is jamaicamide A 44 due to the unusual
bromine cap on the w-acetylene. The biosynthetic gene cluster with 17 ORFs was

identified for this PKS/NRPS metabolite.”?

The acetylene is installed prior to the PKS/NRPS reactions, and the starter unit
utilised by the PKS appears to be hex-5-ynoic acid, which is efficiently converted into
hex-5-ynyl-ACP by over-expressed JamA, an acyl-ACP synthetase which does not
accept C,, C,, C, or C, substrates. One of the genes (jamB) encoded a desaturase that
has a 48 % homology to the A’-desaturase Olelp from yeast.”

JamB is believed to be a terminal desaturase/acetylenase, the first example of such an

enzyme, although no direct evidence has yet been published to support this.

The acetylenation of an unnatural substrate undec-10-enoate by L. majuscula had
been observed in a feeding experiment and supports the hypothesis of terminal

acetylenases at work.”

Terminal acetylenase activity is rare and a full study of JamB may also shed light on the
biosynthesis of other terminal alkyne natural products, including B-ethynylserine 4

from S. cattleya.
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1.4.2.2 Acetylenic cyclodepsipeptides and lipopeptides

Alongside the Jamaicamides, a wide array of cyclodepsipeptides and lipopeptides
containing a terminal acetylene unit was isolated from L. majuscula.”>** Other marine
organisms, such as mollusc (Onchidium sp.’’, Philinopsis speciosa’®) and sea hare
(Stylocheilus longicauda’) that feed on blue-green algae such as L. majuscula were also
found to contain these kinds of cyclic peptides but clearly the acetylenic bond may not
be a de novo product but instead originated from their diet.

Three examples are shown below that were found in Lyngbya species (48 - 50).'%"'%

= | O e, fPh

48 Dragonamide A

Ph

) H O iﬁ%ﬁ

/:QN TJKH\ Y }

HN OO _N_O
P T
ST }

N
0 oJ\[( -0 )_{
0 AL
49 Ulongapeptin 50 Wewakpeptin A

Fig. 1.13. Examples of terminal acetylenic cyclodepsipeptides and lipopeptides.
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These peptides are products of NRPS or PKS/FAS and NRPS, which condense amino
acids or acyl units together to build these large molecules. From the study of JamA and
JamB, it seemed most likely that the w-acetylene is already present on the amino acids
or fatty acid before they are utilised in macrocycle assembly.”” This suggests that many
terminal acetylenic amino acids are biosynthesised by L. majuscula and other marine
organisms. Some of the amino acid units found in these cyclic compounds are shown

below in Figure 1.14 (51 - §3).'% 77 1%

OM (@) Ow\
: S YUy S

O NH3* O NH;" O NH5"
51 from Ulongapeptin 52 from Dolastatin-17 53 from Guineamide C
(marine cyanobacteria) (sea hare) (Maoya)

Fig 1.14. Amino acid units found in some cyclodepsipeptides (not isolated as natural products).
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1.4.3 Terminal acetylenic amino acids

Naturally occurring terminal acetylenic amino acids have been found in several
organisms where they excrete or accumulate the amino acid as a toxin. The fungus
Sclerotium rolfsii was found to contain high levels of B-ethynyl-L-serine 4, which is
responsible for the poisoning of poultry fed on maize contaminated with the fungus
(LDy, chicken, 150 mg/kg).”” The same compound was also isolated from

fermentation culture of S. cattleya.’

From the seeds of the Longan fruit (Euphoria longan), three C, terminal acetylenic
amino acids 54 - 56 were isolated.'” More recently, two acetylenic D-amino acids 57,
58 were found to be the lethal component in the Chinese mushrooms Trogia
venenata.'”® Inadvertent consumption of this mushroom is estimated to have caused

the death of 260 villagers over a 30-year period in the forests of Yunnan, China.

=
e
"H3N COO + +

H;N Hs;N" >COO™  *HyN~ >COO
54 55 56

HO™
*HaNY ~COoO *HaNY S COO

57 58

Fig 1.15. Some of the terminal acetylenic a-amino acids from bacteria, fungi and plant sources.
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1.4.3.1 B-Ethynylserine and fluorometabolite biosynthesis

During the purification of 4-fluoro-L-threonine 3 from the cultures of S. cattleya,
B-ethynyl-L-serine 4 was identified as a co-product.” §-Ethynyl-L-serine was shown to
have good antibiotic activity against Pseudomonas aeruginosa, this bioactivity could be

reversed by supplementing the media with L-threonine.”

*HaNT >CoO" *HaNT >CoO"
3 4

Fig 1.16. Two rare amino acids extracted from the fermentation broth of S. cattleya.

The structures of the two amino acids 3 and 4 are very similar and at the early stages of
the studies of 4-fluorothreonine biosynthesis, f-ethynylserine was investigated as a
probable precursor of 3.** After some isotopic labelling experiments were carried out,
it became apparent that they did not arise from the same pathway.'”” Nevertheless an
interest in this acetylenic amino acid was established and from the labelling
experiments, it is known that both glycine and pyruvate are not precursor to 4 in S.

cattleya.'”’

A total synthesis and a method for detection of P-ethynyl-L-serine 4 from the

fermentation culture will be reported in this thesis in Chapter 4.
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2. Crystallisation of the 5-FDRPi isomerase

2.1 Aldose-ketose isomerases

Aldose-ketose isomerases mediate the reversible isomerisation between an a-
hydroxyaldose and its corresponding a-hydroxyketose (Scheme 2.1). This is an

important reaction found in primary metabolic pathways.

aldose-ketose

OH isomerase o
R)vo = )K/OH

Scheme 2.1. Generalised reaction scheme of aldose-ketose isomerases.

There are two established mechanisms for this class of enzyme,' the most common
involves a cis-enediol exemplified by triose phosphate isomerase. This enzyme
interconverts dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde 3-

phosphate (G3P) in the glycolysis pathway.”

There is evidence that the xylose isomerase from Streptomyces olivochromogenes that
interconverts D-xylose and D-xylulose or D-glucose and D-fructose is mediated by a

metal-catalysed 1,2-hydride shift mechanism.’

The isomerase on the fluorometabolite pathway of S. cattleya is also an aldose-ketose
isomerase. At the genetic level it resembles 5-methylthioribose 1-phosphate isomerase
(MTRPi) from the methionine salvage pathway in its chemical transformation. This
Chapter describes the cloning of the isomerase gene and over-expression of soluble
isomerase protein. Several mechanisms for this type of transformation are found in

nature and these are reviewed in the next sections.
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2.1.1 cis-Enediol mechanism in enzymatic isomerisation

A cis-enediol mechanism has been proposed for triose phosphate isomerase (Scheme

2.2). It involves two tautomerisation reactions and proceeds through an intermediate

cis-enediol motif. It was shown by isotope labelling studies that the pro-R proton on C-1

of DHAP 17 is abstracted by the enzyme utilising a single glutamate residue as general

acid/general base.”” Since the Glu residue easily undergoes proton exchange with the

solvent, when the reaction is carried out in D,0, deuterium incorporation is observed

at C-3 of DHAP 17 and C-2 of G3P 26.°%7

OH
. o
2O3PO\)LQ/OH _— 2_03PO\)\/OH _— O3PO (_60
:
— o
0 Glu—{
Glu— o]
O
DHAP 17

H OH

— 2‘O3POV€'QO

G3P 26

Scheme 2.2. The cis-enediol isomerase mechanism for the triose phosphate isomerase.’
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2.1.2 1,2-Hydride shift mechanism in enzymatic isomerisation

A 1,2-hydride shift mechanism has been proposed for the xylose isomerase from
Streptomyces olivochromogenes. This was deduced on the basis of the characterisation
of xylose isomerase and its crystal structure to 0.95 A resolution.” The enzyme active
site contains two divalent metal ions which are predicted to be involved in the
catalysis. They are secured by ligand coordination and act to stabilise the transition
state of the reaction (Fig 2.1). The proposed mechanism is supported by the
observation that deuterium exchange of the a-proton does not take place when the
reaction is carried out in D,O.® This is inconsistent with a cis-enediol mechanism and

thus the working hypothesis favours a 1,2-hydride migration.

His?'®

———————

As p286

Fig 2.1. The active site arrangement of the xylose isomerase. A hydride shift is proposed as shown by

red curly arrows.
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2.2 Ribose 1-phosphate isomerases
2.2.1 The methionine salvage pathway

Organic sulfur is a precious commodity inside a cell, required to build essential
molecules such as the amino acids L-methionine and L-cysteine, and co-factors such as
SAM and coenzyme A. The assimilation of sulfur is energy-consuming and in order to
conserve the thiomethyl group within the cell, most organisms including bacteria,
plants and animals have a salvage pathway in place. This is known as the methionine

salvage pathway.

The methionine moiety of SAM is metabolised in various ways. During the
biosynthesis of spermidine 59, SAM undergoes decarboxylation and then the
aminopropyl group is subjected to nucleophilic attack from putrescine to generate
spermidine (Scheme 2.3).” The side-product 5’-methylthioadenosine 60 is progressed
around the salvage pathway which sees the thiomethyl group recirculated as

L-methionine (Scheme 2.4).'%!!

HZN\/\/\NH2 HZN\/\/\N/\/\NH2
@ H
HsN,, _COO © -CO, HoN putrescine spermidine 59
ruvate
py \H \—/‘ o,
HsC—S® Ad HsC—S@ Ad S Ad
o o o
SAM | Spermidine
OH OH decarboxylase OH OH synthase o Oy
13 SAM 60

Scheme 2.3. Biosynthesis of spermidine from SAM.
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Scheme 2.4. The methionine salvage pathway found in bacteria."

An isomerase (S-methylthio-a-D-ribose 1-phosphate isomerase, MTRPi) is involved
as a key enzyme on this pathway. It catalyses the ring opening of 20 to 21. This
isomerase belongs to a class of proteins that has high homology to the S-deoxy-5-

fluoro-a-D-ribose 1-phosphate isomerase (5-FDRPi) of S. cattleya.

Two crystal structures of MTRPi’s have been solved: the MTRPi of Bacillus subtilis"
and YPR118W of Saccharomyces cerevisiae (yeast)."> Due to their similarity with S-
FDRPi, the published data on the MTRPi’s are valuable reference structures for

studies on S-FDRPi.

The protein alignment of MTRPi’s from different sources illustrates that some
residues of the active site are highly conserved, in particular Cys160 and Asp240
(numbered to the MTRPi of B. subtilis). These appear to be key catalytic residues.

Both residues are also conserved in S-FDRPi (Cys177 and Asp257).
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2.2.2 The MTRPI from Bacillus subtilis

Several studies have been carried out on the MTRPi from the bacterium Bacillus
subtilis. Matsumura and co-workers characterised the enzyme'* and solved its crystal
structure'” in 2008. They observed that this enzyme did not require metals to exhibit
activity.'* Such an observation may support a cis-enediol mechanism. However, they
also reported that deuterium was not incorporated into the ribulose product when the
reaction was carried out in D,0." This was unexpected because a cis-enediol
mechanism should promote the exchange of deuterium with the solvent. The absence

of deuterium exchange raised the alternative possibility of a hydride-shift mechanism.

S

HN GIn199
-H
N\ H\N\ o Arg51
GIv52 H \
AN H Hw
N—H 0 N‘(
/
"z’L NNV 'O—,P$O NH
Asnzso\\fo o
NH, o _S/_ éCys
O
')\—OH OH y
HO
Asp?0 \O/H

Fig 2.2. Active site residues in MTRPi from B. subtilis, bound to the product 13."
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The S-methylthio-D-ribulose 1-phosphate product 13 was co-crystallised with the
enzyme in one of the structures (PDB 2YVK) and the product was found to be bound
into the active site (Fig. 2.2). The active site residues were classified into three main
categories: Those that form hydrogen-bonds or have an electrostatic interaction with
the phosphate group of 13, those which form hydrogen-bonds with the hydroxyl

groups of 13 and those which interact with 13 via hydrophobic interactions.

However, the structure did not provide enough detail to distinguish between the two
possible modes of catalysis. It did show that two highly conserved residues, Asp240
and Cys160 are situated in proximity to the ribulose carbon chain. The authors
proposed that Asp240 may act as a proton donor/acceptor as it is situated within a
hydrophobic pocket and this environment is likely to increase its pK, from 4.4 to
around 7. They also suggested that Cys160 might become deprotonated at the
optimal pH of the enzyme (pH 8.1) and that sulfide anion may act as a base for
catalysis in a cis-enediol mechanism or to stabilise a transient positive charge on the

substrate during a hydride-shift (Scheme 2.5).

These structures have the linear open chain product bound. However a crystal
structure of the enzyme with the substrate in the furanose ring-closed form in the
active site is highly desirable. Such a structure would show the active site in a ‘tight’
configuration poised for reaction. The current product-enzyme co-complex is in a
relaxed arrangement with the enzyme configured to release the product from the

binding pocket.
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In a separate study on the methionine salvage pathway of Geobacillus kaustophilus,
Imker and co-workers have shown that the MTRPi catalyses a regiospecific and
stereospecific hydride transfer.'® This was revealed using selective deuterium-labelled
D-ribose 1-phosphate as a substrate. The reaction was followed by '"H-NMR (Scheme
2.6). The study demonstrated that the C-1 and C-2 hydrogen atoms (H, and H;) of
ribose 1-phosphate became the pro-S and pro-R hydrogens at C-1 of the resultant
ribulose 1-phosphate after rearrangement. This indicated that the C-2 hydrogen had
undergone a hydride-shift. Their findings are discussed in more detail in Chapter 3 of

this thesis.

R o Hg MTRPI OH O
> R\)\)S/OPO\%Z‘
OPOz* Ho HHg
OH OH R = OH or SCH A

Scheme 2.6. Stereochemical course of hydrogen transfer by MTRPi."

This experiment by Imker et al. provided an important insight supporting the hydride-
shift mechanism for ribulose 1-phosphate isomerases. However there are aspects of
this enzyme that merit continued investigation such as the role of the catalytic residues

and to establish details regarding the mechanism of the process.
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2.2.3 5-Deoxy-5-fluoro-D-ribose 1-phosphate isomerase
(5-FDRPi) from S. cattleya : Identification of the enzyme

As reported in Chapter 1, the activity of an isomerase similar to that of the
S-methylthioribose 1-phosphate isomerase (MTRPi) was previously explored in
S. cattleya. Initially, the protein sequences of the two known MTRPi’s from B. subtilis
and S. cerevisiae respectively were used to probe the genome of Streptomyces coelicolor,
for which a full genome sequence is available. From this search, gene-SCO3014 of
1124 bp with high homology to the two MTRPi’s was identified. It was mis-annotated
as a translation initiation factor. This protein from S. coelicolor has 33 % and 38 %
identity to the MTRPi’s from B. subtilis and S. cerevisiae respectively. It also contains

the putative catalytic residues: Cys160 and Asp240, which are conserved.

A set of PCR primers was then designed to clone the SCO3014 gene and the protein
was over-expressed in E. coli. The expressed protein was found to be catalytically
active in the conversion of 5-FDRP to S-FDRulP.'° Thus it would appear that the
methionine salvage pathway isomerase of S. coelicolor was able to act on the

fluorinated substrate (Scheme 2.6).

MTRPi

R o from S. coeliolor OH O
OPO,% HO
OH OH R =F or SCH,

Scheme 2.6. MTRPi from S. coelicolor is able to catalyse the isomerisation of 5-FDRP.

With this success, the peptide sequence of SCO3014 was aligned against the genome
of Streptomyces avermilitis, a closely related strain to S. cattleya. This identified a
homologous protein with 45 % identity. Alignment of the two sequences was carried

out to locate highly conserved regions, from which degenerate DNA primers were
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designed as a strategy to try to amplify a homologous gene from the genomic DNA of
S. cattleya by PCR. This gave a 288 bp product with 90 % homology to SCO3014, and
using a chromosome walking technique, the complete open-reading frame (ORF) of
this fragment, 1161 bp in size was identified which had a 75 % identity to SCO3014."°
This gene was cloned into an over-expression vector and the corresponding protein
was then over-expressed in E. coli. This enzyme was also able to catalyse the

isomerisation reactions on S-deoxy-S-fluoro-D-ribose 1-phosphate. '°

Subsequently, another homologous isomerase was identified from S. cattleya by
alignment of both SCO3014 and this new S. cattleya isomerase sequence, with a draft
genome sequence of S. cattleya. This finding was confirmed when the full genome
sequence was completed in 2011.'%'” There are only two isomerase genes in the full
genome. The latter isomerase (SCATT 32590) was clustered with other genes of the
methionine salvage pathway, which strongly suggests its role in primary metabolism
(Table 2.1). By contrast isomerase SCATT 20080, the enzyme obtained from the
cloning experiments described above, was not associated with any primary metabolic
pathways (Table 2.2) and it is assumed to be involved in fluorometabolite

biosynthesis.

A mutant of S. cattleya with a gene knock-out of the isomerase lost the ability to
produce fluoroacetate and 4-fluorothreonine, but otherwise grew as a healthy
organism.'® Although a negative result, this experiment supported the product of
SCATT 20080 to be the 5-deoxy-S-fluoro-D-ribose 1-phosphate isomerase (S-FDRPi)

dedicated to the secondary metabolic pathway of the fluorometabolites.
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Genes (+ 5 ORFs) around the methionine salvage pathway isomerase of S. cattleya

(SCATT 32590, located on the mega-plasmid)

Gene / direction  Location from Location to Annotation
SCATT 32540 2> 3427869 3428353 hypothetical protein
SCATT 32550 € 3428542 3428892 hypothetical protein
SCATT 32560 € 3428912 3429742 methylthioadenosine phosphorylase
SCATT 32570 € 3429739 3430479 2,3-diketo-S-methylthio-1-
phosphopentane phosphatase
SCATT 32580 € 3430476 3431054 putative oxidoreductase
SCATT 32590 € 3431095 3432738 putative initiation factor eIF-2B alpha
subunit-like protein
(MTRP isomerase)
SCATT 32600 € 3432799 3433515 hypothetical protein
SCATT 32610 € 3433588 3435066 crotonyl-CoA reductase
SCATT 32620 € 3435063 3436436 cytochrome P450 protein
SCATT 32630 > 3436761 3443915 non-ribosomal peptide synthetase
SCATT 32640 > 3443912 3445117 FAD-dependent monooxygenase
Table 2.2. Genes (+ S ORFs) around the S-FDRP isomerase of S. cattleya

(SCATT 20080, located on the main chromosome)

Gene / direction Location from Location to Annotation

SCATT 20030 € 2130607 2131287 hypothetical protein

SCATT 20040 & 2131894 2132616 hypothetical protein

SCATT 20050 € 2132731 2134581 lipoprotein LpqB

SCATT 20060 € 2134626 2136842 two-component system histidine kinase

SCATT 20070 € 2136961 2317662 putative response regulator

SCATT 20080 € 2137912 2138973 S-deoxy-5-fluororibose 1-phosphate

isomerase

SCATT 20090 > 2139641 2140627 integral membrane protein

SCATT 20100 € 2146570 2147184 hypothetical protein

SCATT 20110 € 2147326 2148783 S-adenosy-L-homocysteine hydrolase

SCATT 20120~ 2149196 2151277 PTS system, fructose-specific IABC
components

SCATT 20130 & 2151898 2152863 transport protein
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2.2.4 A phosphonate analogue of the 5-FDRPi substrate
As part of the research probing the mechanism of the 5-FDRPj, the non-hydrolysable

analogue 61 of S-FDRP 18§ was designed by replacing the bridging oxygen of the
phosphate ester with a methylene group."” This modification changes the functionality
at C-1 of the furanose ring from a hemiacetal phosphate to an ether phosphonate and
61 was designed to be an inert substrate analogue where the molecule should bind to

the enzyme’s active site, but not be turned over (Fig. 2.3).

F F
o] 0]
O (0}
O-p-O p’/O
OH OH OH OH 1
0]

15 61

5-FDRP non-hydrolysable analogue
(hemiacetal phosphate) of 5-FDRP

(ether phosphonate)

Fig 2.3. The phosphate substrate and phosphonate analogue of S-FDRPi.

It was an objective to carry out a crystallisation of the isomerase enzyme, co-
crystallised with phosphonate analogue 61 in order to observe the substrate-bound
structure of the enzyme, and to understand how the active site residues interact with
the ribose ring. This unreactive analogue should be valuable in securing a co-crystal in
the substrate-bound state. Such a structure would complement the crystal structure of

the B. subtilis MTRPi which had a ring-opened product-bound structure.

The synthesis route to phosphonate 61, carried out by Nasomjai'”*° began with D-
ribose, which was suitably protected to leave a free OH group at the anomeric
position. Then the phosphonate moiety was introduced through a Wadsworth-
Emmons reaction. Removal of the acetal protecting group on the ribose and
hydrolysis of the phosphonate esters gave 61 in the form of a white crystalline

cyclohexylammonium salt (Scheme 2.7).
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Scheme 2.7. The synthesis of S-FDRP analogue 61 by Nasomjai. *°
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2.2.5 The aim of the project
This aspect of the project aimed to carry out crystallisation trials of the 5S-FDRPi of S.

cattleya, where the phosphonate analogue would be co-crystallised with the protein.
This would involve designing a construct for the S-FDRPi gene for its over-expression
and to devise an efficient method for isolation and purification of the protein.
Thereafter crystallisation trials could take place to produce protein crystals for X-ray

diffraction.

In addition, the project also aimed to explore further the catalytic mechanism by
mutation of active site residues, Cys177 and Asp257. Ring opening was studied using
a deuterium labelled substrate, in order to probe the hydride-shift mechanism

hypothesis.
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2.3 Cloning and over-expression of the native 5-FDRPi
2.3.1 Cloning of the native 5-FDRPi using Ncol-Xhol cloning sites
Genomic DNA of S. cattleya was prepared from the mycelia of S. cattleya obtained

from a 36 h culture grown in Tryptone Soy Broth-Yeast extract (TSBY) media. The
mycelia were suspended in TE2S5S buffer (5 ml) and digested with lysozyme (2
mg/ml) at 37 °C for 1 h. Then proteinase K (50 pl) and 10 % sodium dodecylsulfate
solution (300 pl) were added and the sample incubated at 55 °C for 1 h. After this
incubation, S M NaCl (1 ml) was added, followed by phenol/chloroform (1:1 v/v, 5
ml) and the slurry was mixed by inversion for 30 mins and then centrifuged. The
aqueous layer was transferred to a clean tube and the DNA was precipitated by
addition of 3 M sodium acetate (0.6 ml) and isopropanol (6 ml). The DNA pellet was
obtained by centrifugation, and was washed with 80 % ethanol and then redissolved in

DNase-free water (1.5 ml).
The genomic DNA solution was used as the template for a PCR reaction. A set of
PCR primers (Table 2.3) used previously in the lab were used to clone the gene using

the restriction sites Nco I and Xho 1.2

Table 2.3. PCR primers for isomerase cloning.

Primer Restriction site Primer sequence (5’ > 3’)

forward Ncol GCAGGAGGAATTCCATGGGTGATCAGTCCGTACAGCCTTTGGC
5/ CCATGG3’ Ncol 5-FDRP1

reverse Xho1 CGCCGCTCGAGCGGAAGGGACGGTCGTCATCGGTGAC
5/ CTCGAG3’ Xhol downstream sequence of

5-FDRPi




(3

The PCR reaction mixture contained KOD polymerase (1 pl), magnesium chloride
(0.4 mM) and DMSO (5 % final concentration). The thermal cycles were carried out
in a PCR machine (Techne) with 40 cycles for the sequence of 95 °C for 1 min, 56 °C

for 1 min and 68 °C for 2 mins.

The 5-FDRPi is a protein with 386 amino acid residues and a gene of 1161 bp. As with
other Streptomycetes DNA the sequence is GC-rich (77 %), and the melting point for
the gene is thus slightly higher than average. In order to reduce the melting
temperature for the PCR cycles and improve the yield, the PCR reactions were carried
out with 5 % DMSO in the mixture. KOD polymerase was chosen for the PCR

reactions for its superior fidelity and efficiency.

A PCR product of the expected size of ca. 1.2 kb was obtained and purified by running

in an agarose gel electrophoresis and excising the band of correct mass (Fig 2.4).

PCR product
ca. 1.2 kb

Fig 2.4. UV photograph of the 0.8 % agarose gel containing the S-FDRPi PCR product from S.

cattleya genomic DNA using the primers from Table 2.3.
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The direct ligation of this fragment into the pEHISTEV vector has proven difficult
and therefore the PCR products were cloned into a pGEM-T-vector (Promega). The
PCR products were treated with Taq polymerase and dNTPs at 72 °C for 10 mins for
the addition of a poly-A tail to the blunt end PCR products (as produced by KOD
polymerase) prior to cloning into the pPGEM-T-vector. The recombinant S-FDRPi-T-
vector plasmid was transformed into E. coli DH10B competent cells, and the

transformed cells were allowed to develop on an agar plate containing ampicillin.

Colonies were picked and their plasmids were extracted and analysed by agarose gel
electrophoresis. Those with the correct plasmid size were sequenced to confirm the
accuracy of the inserted gene product. The correct T-vector-isomerase recombinant
plasmid and the empty pEHISTEV vector were both subjected to a double digestion
with the restriction endonucleases Nco I and Xho 1, and the resultant linear DNA
pieces were ligated by DNA T4 ligase to give the pEHISTEV-isomerase construct.
This construct was transformed into E. coli BL21 (DE 3) Gold cells and plated onto an

agar plate containing kanamycin.

The pEHISTEYV vector for protein expression was chosen, as it has been used for
many successful protein over-expressions (developed by Dr H. Lui, University of St
Andrews).”” This vector contains a multiple cloning site (MCS) with a preceding N-
terminal His, affinity tag which is co-expressed with the protein using a start codon
(ATG) upstream of this His, sequence. In between the affinity tag and the multiple
cloning site is a sequence encoding a TEV protease cleavage site to allow removal of
the His-tag from the product protein. Upstream of the start codon is a lac-operon to
allow over-expression of the inserted gene. pEHISTEV also carries a kanamycin

resistance gene and an origin of replication (ori) ( Fig. 2.5).
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2.3.2 The over-expression and purification of the native 5-FDRPi
(Ncol - Xhol)
E. coli BL21 Gold (DE3) cells containing the S-FDRPi-pEHISTEV recombinant

plasmid were grown in LB media at 37 °C. Cells were grown to an OD, of 0.5-0.6
and induced with isopropyl-p-p-1-thiogalactoside (IPTG) (0.5 mM final
concentration). IPTG is a synthetic non-hydrolysable inducer of the lac-operon.”
After induction with IPTG, cells were grown for a further 18 h at 37 °C to achieve
maximum protein production. The cells were harvested by centrifugation (5000 rpm,
5180 g) and the cell pellet was resuspended in lysis buffer (50 ml) and subjected to
sonication (Vibra Cell apparatus) at 0 °C for 10 mins at 1 min intervals with 1 min
pause in between. The cell lysate was centrifuged (20,000 rpm, 48,384 g) to remove

cell debris, and the soluble fraction was retained.

The soluble fraction was then passed through a column of Ni-NTA beads (3 ml) and
the flow through was discarded. The loaded column was washed with wash buffer
(100 ml), and then the protein was eluted by passing an elution buffer (10 ml)
through the column. The protein solution was dialysed against 20 mM phosphate
buffer (pH 7.8, 7.5 L) overnight at 4 °C and then concentrated by ultrafiltration to a
volume of 2 ml (Amicon concentrators, 10 kDa MWCO), and the sample was applied
to a Superdex 200 gel filtration column (GE Healthcare) equilibrated with gel
filtration buffer. The isomerase containing fractions were pooled and concentrated to
1S mg/ml for crystallisation trials. The yield of the protein was 10-20 mg/L. The
identity of the protein was confirmed by MS on the trypsin digest of the protein gel

band (Fig. 2.6-2.8).
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2.3.3 Assay of 5-FDRPi
The activity of S-FDRPi was assayed by "F-NMR as the chemical shifts of the

fluorinated intermediates have been established.'®** The substrate of the isomerase
reaction, S-FDRP 1§ was not readily available, therefore the assay was coupled with a
purine nucleoside phosphorylase (PNP) reaction and synthetic 5-FDA 14 was used

as the substrate in a two-enzyme reaction (Scheme 2.8).

E 5-FDRPi OH O
F\ Ad \\_/ ] 0 ——— F\/'\)J\/OPogz'

PNP OP032- OH
OH OH OH OH
5'-FDA 5-FDRP 5-FDRulP
14 15 16

Scheme 2.8. The isomerase assay in a two-enzyme reaction by coupling to a PNP reaction.

An efficient chemical synthesis of 5-FDA was developed by Ashton et al. **and their
reported procedures were followed to prepare this compound. The PNP enzyme
(FIB) from S. cattleya was over-expressed as a partially soluble fusion protein with a
maltose-binding protein unit (FIB-MBP). This over-expression system was developed

previously in St Andrews.*

When §’-FDA was incubated with PNP-MBP in a phosphate buffer (pH 7.8, 20 mM)
at 37 °C for § h, S-FDRP was observed by ’F NMR in an equilibrium mixture with 5’-
FDA. The reaction stops at around 40 % conversion. When $’-FDA was incubated
with both PNP-MBP and over-expressed 5-FDRPj, three signals are observed in the

P"F{'H} NMR as shown in Fig. 2.9: §; -231.35 ppm (5-FDRP), §;. -231.54 ppm (5’-
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FDA) and §; -231.82 ppm (S-FDRulP). The isomerase is a more efficient enzyme than

the PNP in the assay and the conversion to S-FDRulP from §’-FDA is around 70 %.

or o1 -231.82
F{H} NMR (5-FDRibulP)
NH;
N =N
¢l
F 5 . E . <N »
i OH ©O 9
oo F\)\)jvo_ﬁ_o
OH OH J OH OH 5»—1 o
-231.35 -231.54
(5°-FDRP) (5°-FDA)
(ppm)
T ¥ ) T T ¥ ) T T ¥ T T d ' : T y ¥ ¥ T v
-231.0 -231.2 231.4 -231.6 -231.8 -232.0

Fig 2.9. "F{'H} NMR of an isomerase assay analysis carried out, with assignment of the fluorine

shifts based on the reported chemical shifts in 2
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2.3.4 Removal of the His-tag on the native 5-FDRPi

The over-expressed S-FDRPi has a His,-tag extending from the N-terminus. This is

removed to avoid a disordered loop which will hinder protein crystallisation.

As described earlier, a Tobacco Etch Virus (TEV) protease cleavage site” ENLYFQG
is cloned onto the protein when using the pEHISTEV vector. The protein purification
is also further streamlined by engineering the TEV protease to contain a His,-tag (but
lacking the TEV cleavage site). After proteolysis, the product is passed through a
nickel affinity column. The liberated His,-tag, any un-cleaved protein and the TEV
protease enzyme are retained on the column. This allows the free isomerase to elute

without these impurities.

When the reaction was carried out under the typical procedure with an 5-FDRPi to
TEV ratio of 1: 50 by mass for a 2 h digestion at 20 °C, there was almost no cleavage of
the His, tag from the protein. Therefore the TEV reaction was optimised. It was found
that a S-FDRPi to TEV ratio of 1 : § and an incubation time of 4 days at 20 °C was
required to achieve >95 % His-tag removal (Fig. 2.10). S-FDRPi was stable under
these conditions when analysed by SDS-PAGE. The digestion progress could be
observed on the gel where the cleaved/uncleaved protein differ by 3.4 kDa in mass

(26 residues).
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5-FDRP
with
His-tag
-~
— GEEND S -
5-FDRPI
without
His-tag

Fig 2.10. SDS-PAGE gel image of TEV protease digestion of His-tagged isomerase (Ncol — Xhol).
Reaction time: 1.0h 2. 2h 3. 1day 4. 2days S.3 days 6.4 days (a protein ladder was not

loaded in this case)

The inefficient tag-removal was undesirable for a scale up preparation since large
amounts of TEV protease enzyme were required. The present construct, employing
the restriction sites Nco I at the N-terminus, gave a three-amino acid length spacer
between the TEV cleavage site and the isomerase. It was anticipated that increasing
the length of the spacer could improve the efficiency of tag-removal by making room
for the TEV protease to access the hydrolysis site more easily. Therefore the
restriction site was changed to BamH 1 which provided a linker of eight amino acids

(chain length of 24 atoms) to put distance between the isomerase and the TEV site.

Ncolsite: MSYYHHHHHHDYDDYDIPTTENLYFQ{GAM — SFDRPi

BamH Isite : MSYYHHHHHHDYDDYDIPTTENLYFQ4 GAMADIGS - SFDRPi

Fig. 2.11. N-terminus of 5-FDRPi when expressed with the Nco I and BamH 1 restriction sites

(pEHISTEYV vector). Underline indicates TEV recognition sequence and W denotes cleavage site.
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2.3.5 The cloning and over-expression of the native 5-FDRPi
(BamHI-Xhol)

A new set of PCR primers was designed to clone the new BamH I - Xho I restriction

sites isomerase (Table 2.4).

Table 2.4. PCR primers for isomerase cloning.

Primer Restriction site Primer sequence (5’ > 3’)
forward BamH1 GTCTGGATCCATGGGTGATCAGTCCGTACAGCC
5/ GGATCC3’ BamHI 5-FDRP1
reverse Xhol CTAGCTAACTCGAGTTCACGGCTGGGCGCGGACGGG
5/ CTCGAG3’ Xhol 5-FDRP1

The PCR primers were purchased (Eurogentec) and a PCR reaction was carried out
using the S-FDRPi-pEHISTEV (Ncol-Xhol) plasmid as the template. The PCR

conditions were the same as those reported in Chapter 2.3.1.

The PCR product was ligated into the PCR blunt end vector (Roche) and then into
pEHISTEV using the restriction sites BamHI and Xhol. The ligation product was

transformed into E. coli BL21 Gold cells.

The cells containing the new plasmid were grown by the auto-induction method
described by Studier at 20 °C for 48 h with vigorous shaking (250 rpm) for aeration.
The cells were harvested by centrifugation (5000 rpm, 5180 g) and the pellet was
resuspended in lysis buffer (200 ml) until homogeneous. The slurry was passed
through a cell disruptor at 30 kPsi (Constant Systems) and the lysate was centrifuged

(20,000 rpm, 48,384 g) to remove insoluble cell debris. The supernatant was filtered
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(0.45 pum) and loaded onto a Ni-Sepharose 6 FF column (GE Healthcare)
equilibrated with lysis buffer and connected to an Akta-Express Protein purification
system. The column was then washed with wash buffer (approx. 150 ml) until
impurities were no longer detected. The protein was eluted with elution buffer.
Fractions containing S-FDRPi were pooled and applied to a desalting column (Desalt
16/10, GE healthcare), the protein was washed with desalt buffer and the fractions

containing the S-FDRPi were again pooled.

A TEV digestion was carried out on the resultant 5-FDRPi. It was found that the new
protein which carried an eight-amino acid spacer was efficiently cleaved (>95 %) from
the His,-tag using a protein to TEV ratio of 1 : 50 at room temperature for 2 h (Fig

2.12).
1 2 3 4 5 86

Fig 2.12. SDS-PAGE gel image of TEV protease digestion of His-tagged isomerase (BamHI — Xhol).
Reaction time: 1.0h 2. 1Smins 3. 30 mins 4. 1h §.2h 6.4 h (a protein ladder was not loaded

in this case)
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The free S-FDRPi was then concentrated (Vivaspin concentrators, 30 kDa MWCO)
and loaded onto a Ni-Sepharose 6 FF colum which had been equilibrated with desalt
buffer. The flow through from the nickel column was collected. The 5-FDRPi
fractions were pooled and applied to a gel filtration column (Superdex 200) and
eluted with gel filtration buffer (Fig. 2.13). The fractions containing the S-FDRPi were

pooled and concentrated for protein crystallisation (Fig. 2.14).

This optimised procedure for the preparation of 5-FDRPi for protein crystallisation

was then adopted for all crystallisation experiments.
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Fig 2.14. SDS-PAGE gel of the fractions from the SEC purification of the S-FDRPi.
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2.4 Preparation of non-native forms of 5-FDRPi for crystallisation
2.4.1 Lysine methylation of the native 5-FDRPi
The primary amino group of lysine is hydrophilic. A simple procedure has been

developed to selectively modify the lysine residues on a protein into dimethylated
lysines where the residues become hydrophobic. This reductive methylation
technique has been shown in some cases to improve the crystallisation of proteins.*®*

The protein crystal structure of the methylated protein does not generally differ from

the native protein.

The reductive methylation reaction is a one-pot procedure involving the addition of
both formaldehyde and borane-dimethylamine complex to the protein solution.” The
lysine amino groups couple to formaldehyde to form an imine, and then a borane
reduction generates the methylamino group. This reacts again in a similar manner to

give the dimethylated lysine (Scheme 2.8).

OH
NH, N=— HN—CHs KN/CHa
HCHO
BH,.Me,NH HCHO
- Hzo
HaC

\y—CHs \\ﬁ/cH3

BH3. MezNH

Scheme 2.8. The reaction sequence that generates dimethylated lysine residues.
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S-FDRPi has three lysine residues (Lys11, Lys21 and Lys268) as well as its free N-
terminus. The N-terminus is generally less reactive to this modification. Therefore
exhaustive methylation would produce a protein with six or eight methyl groups. A
sample of the purified native isomerase (10 mg in 1 ml phosphate buffer) was
incubated with the borane-dimethylamine complex (6 mg) and formaldehyde
solution (50 pl, 1M) for 24 h at 4 °C, and the reaction was quenched with the addition
Tris buffer (125 pl, pH 7, 1M). The solution was dialysed against Tris buffer (5 L, pH
7.8, 20 mM) to remove the low MW reagents and the protein was then purified on a
SEC column (Superdex 200). Fractions containing the eluted protein were pooled
and concentrated for crystallisation (15 mg/ ml). The dimethylations were confirmed
by whole protein mass spectrometry, which showed an increase of 86 amu and 112

amu compared to the native protein (Fig 2.15).

TOF MS ES+
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Fig 2.15. Whole protein mass spectra of native and 3 x and 4 x lysine-dimethylated 5-FDRPi (M+86,
M+112).

mass
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2.4.2 Truncation mutants of the 5-FDRPi based on a secondary
structure prediction

The isomerase sequence was analysed using a secondary-structure prediction tool,
PROF,” provided by the University of Aberystwyth. This tool compares the linear
sequence of amino acids to a database of secondary structures and predicts regions

that are likely to fold into a-helices, p-sheets or loop structures (Fig 2.16).

Fig 2.16. Secondary structure prediction of the S-FDRPi with PROF.” Arrows indicate truncation

loci chosen. Red = a-helix, Blue = B-sheet, Green = loop, White = no prediction available.

From this analysis, probable disordered loop regions were identified at both the N and
C termini, whereas the middle region appeared to form defined a and f structures that
are linked by short loops.

Truncation of the isomerase that removed the putative disordered regions at the ends
were anticipated to have a better chance of crystallisation. The truncated versions
were designed based on the structure prediction. At the N-terminus, two dissecting
loci were chosen (Ala23 and Gly32). At the C-terminus, two loci were also chosen

(Ala289 and Arg378). A total of six mutants were prepared (Table 2.5).
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Table 2.5. Truncation mutants based on secondary structure prediction for S-FDRPi.

Number N-terminus  C-terminus  Length (aa) Solubility
Native Metl Pro386 386 Yes
1 Ala23 Pro386 364 No
2 Ala23 Arg378 356 No
3 Ala23 Ala289 267 No
4 Gly32 Pro386 35S No
5 Gly32 Arg378 347 No
6 Gly32 Ala289 258 No

PCR primers were designed for each truncation and these mutants were all cloned
into the pEHISTEV vector using the restriction sites Nco I and Xho I (Table 2.6). The

recombinant genes were confirmed by DNA sequencing from both ends of the gene.

Table 2.6. PCR primers for cloning of truncation mutants of the S-FDRPi.

Primer Restriction site Primer sequence (5’ > 3’)
forward Nceol ACGGTTTGGCCATGGCTCTCCGCTGGGAAGAGCC
N-A23 5/ CCATGG3’ Ncol 5-FDRPi A23
forward Neol ACGGTTTGGCCATGGGGCCCGTGCTGGTCCTCCT
reverse Xho1 CTAGCTAACTCGAGTTCAGCGGGCGGCCAGGGCGGCTA
C-R378 ©5’'CTCGAG3’ XhoI stop 5-FDRPi R378
reverse Xho1 CTAGCTAACTCGAGTTCAGGCGACCACGACGAAGGGGA

C-A289 ©5’/CTCGAG3’ XhoI stop 5-FDRPi A289
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The proteins all over-expressed well in E. coli BL21 Gold cells and an over-expressed
protein band of the expected size was found on SDS-PAGE of the cell lysates. The gel
bands were also verified by mass spectrometry of the trypsin digest of the excised
bands. However, all of the six mutants were found in the insoluble fractions. Further
experiment in altering the over-expression temperature (16 °C, 25 °C, 37 °C) and
IPTG concentration (0.1 mM, 0.5 mM, 1 mM) were attempted but without success in

improving protein solubility.
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2.4.3 The systematic truncation mutants of the 5-FDRPi

The truncations made based on structure prediction discussed above, did not produce
soluble protein. Therefore a series of experiments was designed to explore in a
systematic way whether this peptide can be shortened and also remain soluble.
Accordingly, five residues at a time were sequentially shortened from each end of the

isomerase peptide.

The mutants were cloned with the BamH 1 and Xho 1 restriction sites, and PCR
primers were designed (Table 2.7). In each case, the sequence of the recombinant
plasmid was confirmed. Each was then transformed into BL21 Gold E. coli and the
over-expression was carried out in LB media at 25 °C for 24 h, induced by the addition

of IPTG to a final concentration of 0.5 mM at OD, of 0.5-0.6.

The E. coli cells were harvested by centrifugation and an aliquot was lysed by
sonication. The cell lysates and the soluble and insoluble fractions were analysed by
SDS-PAGE. This indicated over-expression of the individual proteins at the expected
size for all of the mutants. It emerged that the N-terminal shortened mutants were all
insoluble, while the C-terminal mutants were present in the soluble fraction (Table

2.8).



Table 2.7. PCR primers for cloning systematic truncation mutants of the S-FDRPi.
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Primer Restriction site Primer sequence (5’ > 3’)
forward BamH1 AGGATCCGGTGATCAGTCCGTACAGCC
native 5’ GGATCC3' BamH1 5-FDRP1
forward BamH]1 AGGATCCCAGCCTTTGGCCAAGGGCAC
N —min$ 5’ GGATCC3’ BamHI 5-FDRP1i Gln7
forward BamH1 AGGATCCGGCACGGGGTCCGGGACCCC
N-minl0 5’ GGATCC3’ BamHI 5-FDRP1 Gly12
reverse Xhol ACTCGAGTTCACGGCTGGGCGCGGACGGG
native 5’ CTCGAG3’ Xhol stop 5-FDRP1i
reverse Xhol ACTCGAGTTCAGGGGCCGGGGCGGGCGGCCA
C-minS§ 5’/ CTCGAG3’ Xhol stop 5-FDRPi Pro381
reverse Xhol ACTCGAGTTCAGGCCAGGGCGGCTATGGAGG
C-minl0 5’/ CTCGAGR’ Xhol stop 5-FDRPi Ala376
reverse Xhol ACTCGAGTTCAGGAGGAGCCGGTGACCGGGG
C-minlS 5’/ CTCGAGR’ Xhol stop 5-FDRPi Ser371
reverse Xhol ACTCGAGTTCACGGGGAGGCCACGCCGGTCT
C-min20 5’ CTCGAG3’ XhoI stop 5-FDRPi Pro366
reverse Xhol ACTCGAGTTCAGGTCTCGGTGACCACGGCGG
C-min25 5’/ CTCGAGR’ Xhol stop 5-FDRPi Thr36l
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Table 2.8. Systematic truncation mutants of the S-FDRPi.

Name N-terminus  C-terminus  Length (aa) Solubility
N-minus 5 GIn7 Pro386 380 No
N-minus 10 Gly12 Pro386 375 No
C-minus S Gly2 Pro381 380 Yes
C-minus 10 Gly2 Ala376 375 Yes
C-minus 15 Gly2 Ser371 370 Yes
C-minus 20 Gly2 Pro366 365 Yes
C-minus 25 Gly2 Thr361 360 Yes

The systematically truncated mutants illustrate that the integrity of the N-terminus is
crucial to solubility. Removal of five residues behind the start codon caused the
protein to become insoluble. Clearly the N-terminus is essential for the proper folding
of the protein in vivo. On the other hand, the lack of the C-terminus by up to 25 amino

acids did not cause the protein to become completely insoluble.

Longer truncations are anticipated to reduce overall flexibility and possibly improve
crystal formation. The C-minus 25 isomerase, which had the longest truncation among
the soluble proteins, was therefore the first to be subject to crystallisation trials.

This mutant was over-expressed in E. coli, and purified as previously through a Ni-
affinity column using an Akta protein purification system. The eluted protein was
treated with TEV-protease to remove the His-tag. The resultant protein was loaded
onto a SEC column (Superdex 75) for gel filtration chromatography. Unexpectedly,
the protein eluted as three broad overlapping peaks, indicative of aggregate formation
(Fig 2.17). SDS-PAGE analysis indicated multiple bands rather than a single band.

This illustrated that the mutant displayed intrinsic instability and could not be purified
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as a single homogenous protein. Even when SmM DTT was added to the buffer, the
stability of the protein did not improve. Since the protein was purified through Ni-
affinity chromatography twice, it is only reasonable to conclude that the multiple
bands were a result of self-degradation of this protein rather than impurities that

originated from E. coli.
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overlapping peaks, indicative of the formation of aggregates.

Purification of the C-minus 15 mutant was then explored following the procedures
described for the C-minus 25 mutant. In this case, the SEC purification (Superdex 75)
resulted in two peaks. The major peak eluted first in the void volume, indicating that a
protein of MW >75 kDa and suggesting a dimer or an aggregate, again even in the

presence of SmM DTT.
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When each peak was analysed by SDS-PAGE, the first appeared to consist of the C-
minus 1S protein with some degradation products. The second contained mostly low
MW peptides which may be impurities or may have arisen from self-degradation (Fig

2.18).
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(Above) The UV-trace from the SEC (Superdex 75) of C-minus 15 mutant of the S-FDRPi.
(Below) SDS-PAGE analysis of the two peaks eluted from the SEC.
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The major protein fraction eluting from the Superdex 75 gel filtration of the C-minus
1S isomerase was loaded onto a Superdex 200 column for gel filtration. Although the
fraction purified as a single peak (Fig 2.19), the SDS-PAGE analysis of the fractions
under this peak again showed a pattern consistent with protein degradation similar to
Fig. 2.14. It was concluded that the C-minus 15 mutant is also unstable and prone to

self-degradation.
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Fig 2.19. The UV-trace from a second SEC (Superdex 200) of the major fraction collected from the

first SEC of the C-minus 15 mutant of the 5S-FDRPi.

Purification of the C-minus 10 and C-minus S truncated 5-FDRPi’s were also explored.
Over-expression in E. coli was carried out and the cells were lysed by sonication. The
cell lysates were cleared by centrifugation (20,000 rpm, 48,384 g) and the soluble and
insoluble fractions were analysed by SDS-PAGE. The truncated peptide was present

in both the soluble and insoluble fractions. The soluble fraction contained lower MW
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bands which, from previous experience with other C-terminal truncations, indicated
self-degradation products (Fig. 2.20). In view of the consistent instability of the
truncation mutants, it was decided not to pursue this approach to crystallisation any

further.

Fig 2.20. SDS-PAGE of the over-expression of C-minus 5 and C-minus 10 mutants.
1. native isomerase sample 2. protein unstained ladder (PageRuler) 3. C-minus S cell lysate 4. C-
minus S soluble fraction S. C-minus S insoluble fraction 6. C-minus 10 cell lysate 7. C-minus 10

soluble fraction 8. C-minus 10 insoluble fraction.

In conclusion, the shortening of the S-FDRPi appeared to cause the protein to
become either insoluble or unstable. These truncated isomerase proteins were

unsuitable for use in crystallisation trials.
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2.4.4 Limited proteolysis of the 5-FDRPi

A truncated protein can sometimes be obtained by carefully controlled proteolysis
using protease enzymes. The limited proteolysis procedure had been applied
successfully in some cases where the proteolysed fragment of a full protein was

crystallised and diffracted to solve a partial protein structure.®

A study of limited proteolysis on the S-FDRPi was carried out with five proteases:
tyrpsin, chymotrypsin, thermolysin, subtilisin and pepsin. The proteases were added
to S-FDRPi (40 pg in 20 ml PBS) in a ratio of 1: 100 and 1: 1000 by mass and the lysis
reaction was carried out in each case for 1 h at 0 °C. The protein products were

denatured and analysed on a SDS-PAGE gel.

The 1:1000 proteolysis reactions did not lead to observable degradation of the

isomerase.

At 1:100 ratio, only thermolysin out of the five proteases produced a major protein
band (25 kDa). Mass spectrometry analysis confirmed this fragment is part of the 5-
FDRPi. None of the other lytic enzymes produced a coherent truncated peptide.
Therefore a further study was carried out with thermolysin to optimise the ratio of

protease to protein in order to prepare this peptide fragment (Fig 2.21).
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40 kDa

30 kDa T - - o

25 kDa - - - - —

Fig 2.21. SDS-PAGE gel of thermolysin proteolysis of the 5-FDRPi. (Ratio = thermolysin : S-FDRP})

1. protein ladder 2.1:1000 3.1:500 4.1:300 S§.1:200 6.1:100 7.1:50 8. control

Accordingly, purified S-FDRPi (20 mg in 2 ml) was treated with thermolysin in 1 :
100 ratio on ice for 1 hour, then EDTA-free protease inhibitor was added (Roche) to
quench the reaction. The mixture was loaded to a SEC column (Superdex 200) and
fractions of 2 ml each were collected and analysed by SDS-PAGE. The fractions
containing the 25 kDa peptide were pooled. From the experiment starting with 20 mg
of S-FDPR|, the total yield of the 25 kDa fragment recovered was less than 1 mg (by
Nanodrop measurement) and most of the protein mass had degraded into very small
peptides. Due to this poor recovery, it was not feasible to obtain enough sample of the

purified 25 kDa fragment for a protein crystallisation trial.



92

2.5 Crystallisation Trials

The vapour diffusion method is used widely to produce crystals of proteins.* For this
technique drops of purified protein solution are usually mixed with a precipitant such
as a salt or a large organic molecule. The drop is allowed to equilibrate with a reservoir
of the precipitant mother liquor, and water is slowly removed from the drop into the
mother liquor. This process increases the concentration of the protein and it becomes
super-saturated. At this stage the protein can precipitate from solution into an
amorphous structure, or it can remain in solution to form a meta-stable super-
saturated solution. The meta-stable state is where crystallisation can occur if a
nucleation event takes place. Upon nucleation the protein crystal grows, reducing the
concentration of protein in solution. The protein crystal growth stops when the

concentration has been reduced to below saturation (Fig. 2.22).
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Fig 2.22. Protein concentration graph in a vapour diffusion droplet. Image adapted from 3,
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2.5.1 Crystallisation of the native 5-FDRPi (Ncol-Xhol)

Protein crystallisation trials were conducted with the first batch of purified S-FDRPi
(10 or 15 mg/ml) from the first Ncol-Xhol construct. The sitting drop vapour
diffusion technique was employed in 96-well crystallisation plates. Four different
commercial screens: JCSG, PEGS, Wizards and Classics (Hampton Research) were
used. The samples and mother liquors were pipetted by crystallisation robot
(Honeybee 963, Genomic Solutions). Each condition was subjected to two drop
sizes, which are 150 nl + 150 nl and 150 nl + 300 nl (protein + precipitant) and two
sets of crystallisation plates were set up and kept separately in a cold room (4 °C) or at

room temperature (20 °C).

Phosphonate analogue 61 was also used in some of the protein crystallisation screens.
Phosphonate 61 (100 mM solution) was added to the 5-FDRPi solution at a final
concentration of 1 mM and the mixture was incubated overnight at 4 °C and
centrifuged (13,000 rpm, 16,060 g) to remove any aggregates prior to use in

crystallisation experiments. The conditions are summarised in Table 2.9 below.

Table 2.9. The crystallisation conditions used for the first screening.

Screen protein=15mg/ml  protein=15mg/ml  protein=10mg/ml  protein = 10 mg/ml

without 61 with 61 without 61 with 61
(0.4 mM) (0.4 mM)

JSCG 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Basic PEGs 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Wizards 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Classics 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
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Three sets of conditions gave poorly formed needle-clusters. These hits were from the
Wizards Screen (Emerald Biosystems) with phosphonate analogue 61 added to the

drop (Table 2.10 & Fig. 2.23).

Table2.10.  Crystal forming conditions

(protein concentration = 15 mg/ml with 61 at 0.4 mM, 20 °C)

Screen Condition Precipitant Buffer Salt
Wizards F3 (NH,),SO, HEPES None
126 M pH7.5,0.1 M
Wizards GS (NH,),SO, CHES NaCl
1.26 M pH9.5,0.1 M 02M
Wizards H9 (NH,),SO, MES None
1.26 M pH 6.0,0.1 M

These crystallisation conditions highlighted ammonium sulfate as a common
precipitant. They also showed that the protein tolerated a wide pH window(6 to 9.5)

for crystal formation. These crystals formed at room temperature but not at 4 °C.

Fig 2.23. First crystals of the 5-FDRP;i as needle clusters (from GS Wizard screen).
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In light of these initial results, optimisation screens were carried out aimed at
improving the form of the crystals, since the small needle clusters were not suitable for

X-ray diffraction.

Optimisation screens were set up using the hanging drop vapour diffusion method in
24 well crystallisation plates. Three protein + precipitant volume ratios were tested
(0.6 pl + 0.6 pl, 0.6 pl + 1.2 pl and 1.2 pl + 0.6 pl) and applied by hand onto persilyated
glass cover slips (Hampton Research). The drops were then suspended from an
inverted cover slip of silylated glass over a reservoir of mother liquor (500 pl) and the
chambers were sealed with grease. Both the pH (7.0, 7.5, 8.0, 8.5; HEPES 0.1 M) and
the concentration of ammonium sulfate (0.7 M to 1.4 M, in increments of 0.1 M) were

varied systematically in the screens.

Poorly formed spherolites/small cystals were obtained in these optimisation screens

(Fig. 2.24) but these were not harvested for X-ray diffraction due to their low quality.

Fig 2.24. Selected images of the spherolite crystals of the isomerase from optimisation screens.
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2.5.2 Crystallisation of the native 5-FDRPi (BamH]I-Xhol)

As described above in 2.5.1, multiple crystallisation trials with the native form of S-
FDRPi that was prepared using the Nco I-Xho I cloning sites have failed to produce
diffraction quality protein crystals. The associated protein purification involved a four-
day TEV digestion at 20 °C and this prolonged standing at 20 °C could reduce the
quality of the protein sample. For the new isomerase prepared using the BamH 1-Xho
I cloning sites, this incubation has been reduced to 2 h. In addition, more advanced
techniques were introduced to improve the purification procedure. This included the
use of a cell disruptor for cell lysis and the Akta system for protein chromatography.
This resulted in a cleaner, higher quality protein sample and should improve

crystallisation.

Stochastic screening was carried out using 16 different sparse matrix screens prepared
from a range of known crystallisation conditions (Table 2.11). The samples and
mother liquors were pipetted by crystallsation robot (Honeybee 963, Genomic
Solutions). The drop sizes for the two wells under each set of conditions were 150 nl
+ 150 nl and 150 nl + 300 nl (protein + precipitant) and two sets of crystallisation
plates were set up and kept separately in a cold room (4 °C) or at room temperature

(20°C). Two protein concentrations were used (13.7 mg/mland 10 mg/ml).

The phosphonate analogue 61 was also used in some of these protein crystallisation
screens. The phosphonate 61 (100 mM solution) was added to the S-FDRPi solution
at a final concentration of 1 mM and the mixture was incubated overnight at 0 °C and
centrifuged (13,000 rpm, 16,060 g) to remove any aggregates prior to the

crystallisation experiments.
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Table 2.11. The crystallisation conditions used for the first screening.

Screen protein =13.7mg/ml  protein =13.7mg/ml  protein = 10 mg/ml  protein = 10 mg/ml
without inhibitor with inhibitor without inhibitor with inhibitor

]SCG 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Wizards 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Classics 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto PEGs 1 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto PEGs 2 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto PEGs 3 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto PEGs 4 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
(NH,),S0, suite 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 14 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 16 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto17 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 18 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 19 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 20 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 21 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C
Sto 22 4°C 4°C 4°C 4°C
20°C 20°C 20°C 20°C

Initially two sets of conditions gave small crystals after 4 days. These had a more
defined shape and form than the irregular crystals obtained in the previous
crystallisation attempts. Other conditions were also successful but the crystals took
longer to grow. A list of the conditions that produced these improved crystals is given

below (Table 2.12, Fig. 2.25).
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Table2.12.  Crystal forming conditions
(protein = 13.7 mg/ml with inhibitor at 1 mM where indicated, 20 °C)
Screen Observed after  Precipitant Buffer Salt / additive
Sto21 G4 4 days PEG 8000 Tris HCI MgSO,
with inhibitor 22.04 % pH7.S,01 M 0.22M
Sto PEGs 3 H1 2.5 weeks PEG 8000 none MgSO,
with inhibitor 15% 0.22M
Sto 20 H10 4 weeks PMME 550 Tris HCI Mg(OAc),
with inhibitor 36 % pHS§,0.1 M 0.18 M
Sto PEGs 4 B12 4 weeks PEG 3350 Sodium MgSO,
with inhibitor 22.6 % cacodylate 027M
pH 7.0,0.1 M
Sto 17 B11 8 weeks PEG 400 Sodium (NH,),HPO,
no inhibitor 38% cacodylate 0.15M,
pH 7.0,0.1 M | p-mercaptoethanol
8.17M

Fig 2.25. Small crystals of S-FDRPi with phosphonate 61 obtained in Sto21 G4.



929

Poly(ethylene glycol) (PEG) was used as the precipitant in all the crystal forming
conditions. Optimisation screening was carried out on the Sto21 G4 hit. The screens
were set up by hand using the hanging drop vapour diffusion method, with droplet
volumes of 2 pl + 1 pl, 1 pl + 1 pl and 1 pl + 2 pl (protein + precipitant) over a

reservoir of the precipitant (0.5 ml) and then kept at room temperature (20 °C).

The refinements first focused on the PEG 8000 conditions. From the optimisation,
many droplets produced crystals. The best crystals were formed at pH 7.7 to 7.8 and
PEG 8k (15.5 - 16.0 %) and MgSO, (0.22 M). MgSO, was important for crystal
formation, other sulfate salts (Li,SO,, Na,SO,, K,SO,, (NH,),SO,, ZnSO,), group 11
chlorides (CaCl,, SrCl,, BaCl,) and magnesium salts (MgCl,, Mg(OAc),, Mg(NO,),)

were screened but did not encourage crystal formation.

Under these optimised conditions, larger crystals were observed after 1 week and
continued to grow for about 3 to 6 weeks. The crystals appeared as oval rods (Fig.
2.26) with the facets displaying multiple layers, indicative of overlapping crystal
lattices within each crystal. Most formed as single crystals, but twinned crystals were
sometimes obtained. The best crystals were picked for diffraction at the in-house

facility (described in 2.7), but they diffracted poorly.

¥

Fig 2.26. Rod shaped crystals of the 5-FDRPi with phosphonate 61 obtained from
optimisation screens based on the condition 16 % PEG 8k, Tris 0.1 M pH 7.7, MgSO, 0.22M, 20 °C .
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Further iterations of the optimisation from the Sto 21 G4 conditions did not resultin a
significant improvement of the crystal form. All of these crystals displayed multiple

facets and diffracted poorly.

The Stol7 B11 conditions (PEG 400 38 %, sodium cacodylate 0.1 M, ammonium
phosphate 0.15 M and B-mercaptoethanol 8.17 mM) gave a single cubic crystal in the
96-well sitting drop plate after 2 months. The crystal was picked for diffraction but was
damaged in the freezing procedure in liquid nitrogen. The resulting diffraction was

poor.

Despite multiple repeats to optimise from Stol7 B1l conditions, in both 96-well
sitting drop plates set up using the Honeybee robot and 24-well hanging drop plates
set up by hand, in which all four precipitant ingredients and the protein concentration

have been systematically varied, the crystallisation could not be reproduced.
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2.5.3 Further optimisation with PEG conditions

Polyethylene glycols of different chain length have been effective as protein
precipitants under different crystal-forming conditions. With this knowledge base, an
experiment was designed to explore the effect of the many different PEGs available
commercially.

As the chain length of the polyethylene glycols increase, they become stronger protein
precipitants. In order to explore a range of PEGs with different molecular weights
(MW), the known crystallisation conditions with PEG as the precipitant were plotted
onto a graph of MW against the PEG concentration. The data points formed a pattern
that could be fitted to a curve (Fig 2.27). Based on this curve, the concentration range
of each PEG to test for S-FDRPi crystallisation was obtained (Table 2.13) and

solutions were made up in deep well blocks (96-well format) for screening.

PEG (MW)
130007 \ 5-FDRPI crystallisation condition predictions
12000 \ R%2=0.05
X r
11000
10000 -
9000 -
8000
7000 -
6000 -
5000 -
4000 -
3000 -
2000 -
1000 - PEG 4
6% K =3¢
0 + -
0 5 10 15 20 25 30 35 40

PEG (%)
Fig 2.27. A graph plotting PEG molecular weights against PEG concentration for conditions that

led to S-FDRPi crystallisation.
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Table 2.13. Different PEGs screened for isomerase crystallisation using concentration ranges

derived from the graph of Fig. 2.23.

PEGs Concentration range Buffer Salt
PEG 400 34-45% TrisHCIpH 7.8, | MgSO, 022M
PEG MME 500 31 -42% Tris }(I)éll;/IH 78, | MgSO, 022M
PEG 1000 27 -38% Tris }(I)éll;/[H 7.8, | MgSO, 022M
PEG 1450 24 -33% Tris Igéll;[H 7.8, | MgSO, 022M
PEG 2000 19 -30% Tris Igéll;/[H 7.8, | MgSO, 022M
PEG 3350 17 =28 % Tris Igéll;/[H 78, | MgSO, 022M
PEG 4000 14-25% Tris Igéll;dH 7.8, | MgSO, 022 M
0.1M
PEG MME 5000 14-25% Tris HCIpH738, | MgSO, 022 M
PEG 6000 12-23% Tris P(I)éll;/[H 7.8, MgSO, 0.22M
PEG 8000 9-20% Tris I;)éll;dH 7.8, | MgSO, 022 M
PEG 10000 6-17% Tris Igéll;/[H 7.8, | MgSO, 022M
PEG 12000 4-15% Tris I;)éll;dH 7.8, | MgSO, 022M
0.1M

Several sets of these conditions gave crystals. They grew as multiple rod-shaped
crystals sticking together forming multi-layered crystals. However the multi-layered
crystals did not diffract to a high resolution. The crystal forming conditions are listed

in Table 2.14.
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Table2.14.  Crystal forming conditions (protein = 13.7 mg/ml with inhibitor at 1 mM, 20 °C)

PEG concentration  Observed after Buffer Salt / additive

PEG 2k 27-28 % 1 week Tris HCI MgSO,
pH7.8,0.1M 0.22M

PEG 4k 19-20 % 2 weeks Tris HCI MgSO,
pH7.8,0.1 M 022 M

PEG MME Sk 22-25% 1 week Tris HCI MgSO,
pH7.8,0.1 M 0.22M

PGE 8k 15-18 % 1 week Tris HCI MgSO,
pH7.8,0.1M 0.22M

Optimisation was carried out with all four conditions reported in Table 19 using 24-

well hanging-drop crystallisation trays. The concentration of PEG, pH and protein to

precipitant ratios were refined systematically. Although the crystallisation could be

reproduced (Fig. 2.28), the crystals obtained did not improve in visual appearance.

Fig 2.28. Crystals of 5S-FDRPi with phosphonate 61 obtained from the optimisation screen with the

condition of 22 % PEG MME 5k, pH 7.7, MgSO, 0.22 M, 20 °C.
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2.5.4 Seeding Experiments

Seeding is a technique used to speed up the formation of crystals which by-passes the
nucleation event before the crystal growth phase. The ‘seeds’ used for these
experiments were fragments of a crushed isomerase protein crystal. Such fragments
can act as a nucleation site where protein crystal growth may be induced. This

technique had been applied successfully to produce large single crystals.”***

A single S-FDRPi crystal from the optimisation experiments was extracted from the
droplet using a micro-loop and viewing under a microscope. This was transferred into
the precipitant solution (10 pl) and then crushed with a microtool (Hampton
Research). The slurry was transferred to a tube containing precipitant solution (500
ul, PEG 8k 15.5 %, 0.1 M Tris-HCl, MgSO, 0.22 M). The mixture was vortexed

vigorously to yield a stock suspension of crystal fragments.

Seeding experiments were set up in 24-well hanging drop plates by hand, with droplets
containing 1 pl or 2 yl of 13.7 mg/ml S-FDRPi mixed with 0.5 ul of crystal fragment
stock and 1 pl or 2 pl of precipitant solution (PEG 8k 15.5 %, 0.1 M Tris-HCI, MgSO,

0.22 M).

Seeding did not improve the crystal form. The crystals which did form in these

experiments were very small in size due to over-nucleation (Fig. 2.29).

Fig 2.29. A seeding experiment drop with very small crystals of the S-FDRPi due to over-nucleation.
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2.5.5 Additive Screen

Additives such as detergents, small organic molecules, multivalent metal salts and, co-
factors are widely used to improve the success of obtaining diffraction quality protein
crystals.* ** There are cases where additives were used to alter the interactions
between protein molecules and improved the quality of protein crystals.’”” ** An
additive screen in 96-well format is commercially available from Hampton Research.
However since most of the additive reagents employed in their screen were already
available locally, an additive screen was prepared in-house based closely on their

formulation.*

The additive screens were set up using two reliable crystal forming conditions. (15.5 %
PEG 8k/0.1 M Tris HCl pH 7.7/0.22 M MgSO, and 22.0 % PEG MME $k/0.1 M
Tris HCl pH 7.7/0.22 M MgSO,). The additive solutions (50 nl) were initially added
directly to the S-FDRPi (13.7 mg/ml) and precipitant drops (150 nl + 150 nl and 300
nl + 150 nl) but this resulted in precipitation of the protein in most of the wells.
Therefore the additive was first diluted into the precipitant (100 pl additive solution +

900 pl precipitant) and then the crystal trays were set up to assess crystallisation.

Most of the wells produced crystals after 4 days. The crystals obtained with additives

in the droplets showed a variation in size and shape, but they did not improve in form.

All crystals visually displayed multiple facets on the surfaces (Fig. 2.30).

Fig 2.30. Crystals of S-FDRPi obtained from the additive screens showing different sizes and shapes.
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2.5.6 In situ limited proteolysis crystallisations

The limited proteolysis experiments (Section 2.4.4) on S5-FDRPi identified that
thermolysin can produce a major protein fragment (ca. 25 kDa) under controlled
conditions, but this fragment could not be easily prepared in sufficient quantity for
crystallisation. Some success has been achieved by carrying out the limited proteolysis
in situ.** In such experiments, a trace quantity of protease is added to each droplet and

the proteolysis takes place during the crystallisation experiment.

Droplets containing a trace of thermolysin in a 1 : 1000 or 1 : 100 ratio to 5-FDRPi
(13.7 mg/ml) were subjected to stochastic crystallisation screening using the same 16
in-house prepared screens and conditions (Table 2.11). In the event, protein crystals

were not observed from these crystal screens.
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2.5.7 Lysine methylated 5-FDRPi crystallisation
A lysine methylated 5-FDRPi solution (15 mg/ml) prepared as described in Section

2.4.1 was subjected to crystallisation screening using four commercial suites: JCSG,
PEGs, Wizards and Classics (Hampton Research). The samples and mother liquors
were pipetted by liquid handling robot (Honeybee 963, Genomic Solutions). The
drop sizes for the two wells under each condition were 150 nl + 150 nl and 150 nl +
300 nl (protein + precipitant) and two sets of crystallisation plates were set up and

kept separately in a cold room (4 °C) or at room temperature (20 °C).

Crystallisation was not observed in the any of eight screens prepared. Protein

precipitation was observed in about 40 % of the wells.
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The better formed crystals from the various crystallisation trials and optimisation

plates were picked for X-ray diffraction (Table 2.15).

Table 2.15. X-ray diffraction experiments carried out with 5-FDRPi crystals.

Crystallisation N°® of crystals | Cryoprotectant | crystal size X-ray source
conditions diffracted (average)

PEG 8k 18.0 % 7 glycerol 30% 50 pm in-house

Tris pH 7.8 0.1 M (St Andrews)
MgS0, 0.22 M

PEG 8k 16.0 % 9 glycerol 30% 50 pm in-house

Tris pH 7.7 0.1 M (St Andrews)
MgS0,0.11 M

PEG 8k 16.0 % ) glycerol 30% 20 pm Diamond beamline
Tris pH 7.8 0.1 M (Oxford)
MgS0, 0.22 M

PEG 8k 15.0 % 4 sucrose 30% SO um in-house
Mgs0,022M (St Andrews)
PEG 8k 14.0 % 10 sucrose 30 % 20 pm in-house

Tris pH 7.7 0.1 M (St Andrews)
MgS0, 0.22 M

PEG 400 38 % 1 glycerol 30 % 20 pm in-house

Na cacodylate pH7 0.1 M ( St An drews)
BME 8.17 mM

(NH,),HPO, 0.15 M

PEG MME 5k 20.0-22.0 % 3 sucrose 30 % 40 pm in-house

Tris pH 7.7 0.1 M (St Andrews)

MgS0, 0.22 M

The crystals were picked with a micro-loop tool under the microscope. The looped

crystals were cryo-protected with a mother-liquor supplemented with 30 % glycerol

and 1 mM phosphonate analogue and then flash frozen in liquid nitrogen.
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The data were collected in-house (University of St Andrews) at 100 K on a Rigaku

007HFM rotating anode X-ray generator with a Saturn 944 CCD detector.

A few crystals were sent to the UK National Synchrotron facility Diamond beamline,

and data collection was carried out with a micro-focus beam with high intensity X-ray.

Some of the crystals diffracted up to 4 A resolution (Fig. 2.31 and 2.32). However the
reflections suffered very low intensity. There was a streaking pattern arising from the

multiple crystal lattice overlap within one crystal.
Unit cell parameters were calculated on several of the diffraction patterns and the

measurements from different diffractions matched. The measured crystal unit cell was

orthorhombic. The parameters are shown below in Table 2.16.

Table2.16.  Measure crystal unit cell parameter

Parameter Measurement

space group C221
a 158.023 A azb#c
b 325.858 A
c 88.709 A
a 90.0° c
B 90.0° )
Y 90.0° 2

mosaicity 0.84°
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Fig 2.31. Two diffraction patterns of 5-FDRPi crystals obtained from X-ray facility in St Andrews.

Fig 2.32. Diffraction pattern of S-FDRPi crystals from a synchrotron micro-focus X-ray beam
(Diamond beamline, Oxford).
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2.7 Conclusions

The project set out to obtain an X-ray crystal structure of the isomerase (S-FDRPi) of
the fluorometabolite pathway of S. cattleya, which would provide a valuable insight

into exploring the mechanism of this enzyme.

The native enzyme was successfully cloned and over-expressed from an E. coli
recombinant strain. The protein was successfully purified to homogeneity.
Crystallisation of the native 5-FDRPi was carried out and crystals were obtained in
many instances. These crystals appeared as rods with overlapping layers and diffracted
poorly due to this defect. Optimisations did not result in an improvement in the

diffraction quality of the crystals obtained.

In addition to the native enzyme, truncation mutants prepared by cloning experiments
or proteolysis have been explored. Modification of the protein by lysine methylation
was also carried out. However these experiments did not produce crystals for

diffraction.

The production of high quality protein crystals remains a major bottleneck in protein
structure determination,' and this is also the most unpredictable part of the process.
In this case much effort was put into overcoming this challenge, but unfortunately the

structure of S-FDRPi was not obtained in the end.
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3. Studies explaining the isomerase mechanism

3.1 Protein sequence of 5-FDRPi
The sequence of S-FDRPi (SCATT 20080) from the fluorometabolite pathway of .

cattleya was compared with known protein sequences using the Basic Local Alignment
Search Tool (BLAST)."* 5-Methylthioribose 1-phosphate isomerases (MTRPi) and
the a-subunit of the eukaryotic translation initiation factor eIF-2B*> emerged as the
most homologous genes in the database. The closest homologues (70 - 80%
homology) were from various Streptomyces species. These proteins belonged to the

COG-0182 superfamily.’

From the protein crystal structure of the MTRPi from Bacillus subtilis, the enzyme
active site was identified. The active site contained several key catalytic residues which
were highly conserved.* The linear sequence of S-FDRPi was aligned with the
sequences of MTRPi from B. subtilis (35 % homology),® Streptomyces lividans (76 %
homology)® and Saccharomyces cerevisiae (31 % homology)’ using the alignment tool
CLUSTAL omega (Fig 3.1).° X-ray crystal structures of the B. subtilis and S. cerevisiae

MTRPi have been solved.*’

CLUSTAL 0(1.1.0) multiple sequence alignment

S.cattleya GDQSVQPLAKGTGSGTPEPKPALRWEEPPEGPVLVLLDQTRLPVEEVELFCTDVPALVQAIRTLAVRGAPLLGLAGAYGVA
Bacillus’® = e villidqtrlpfleykevaiadyeamghaiksmvivrgapaigvaaaygmy
s. lividans --- gpv1Vl 1dqtr 1ppeevelvctdpaalveairslavrgapllgiaggygva
Ssaccharomyces envsvkv1dql11pyttkyvpihtiddgysviksmqyvrgapaialivgsisvl
S.cattleya LAAARGY-=======mmmmmmmm e e e e e DVGQAADELAGARPTAVNLSYGVRRALAAYRTAVTGGADDTGAAAATLAEARA
gacillus lgarrigttelr------------ efvvglefvadqlrqyrptavnifwaidgmlinva---yhsgenveqikanllsqaqq
S.lividans laavrgf-------ccomem e eveeaaaalagdrpravnlavgvrraqaahrealartgdtrqaaraalaaara
Saccharomyces tevqlikhnptsdvatlyslvnwestktvinkr1df11sgrptavnisnsiveiknil----ksssdlkafdgslynyvce
*
S.cattleya LHAEDARASERMARNGLALLDELVPGG= =~ ~GYHVL THCNTGAL YSGGEGTALAVVLAAHRGG = == == == == mmmmmm L
gacillus iqlddirtcqaigaaglevlpr--eph----qlgilthcnagaljtagygtaigviragwsag---«=-==-eeeuuna- r
S.lividans 'Ihredteasarmaahgla‘llde'l‘Ipag----ghrv‘lthcntgs’l egtafavalaghrsg--------ccoceaaa- r
Saccharomyces Tidedlannmkmgdngaky1idviqkdgfkdefgviticntgs13dtspgygtalgvirsiwkdslaktdkadsgldnekcpr
¥

S.cattleya LRRLWVDE TRPLLQGARL TAYHAARAGVAHTLLPOGAAGSLFAA - -GEVDAVUTIGADR I AADGS[TANKVGSYPLAVLARYH
Bacillus 1arvyadetrpr]qgak][vwecvqagip litdnmaahcmqq--qrijdavyvgadriarngdfiankigtyglav]akmh
S. lividans Trrlwvdetrpllqgar 1taydaarndmayt11tdnaags1faa--ge davligadriaadgsvankvgs¥plavlaryh
Saccharomyces mghvfpletrpynqgsritaydlvydkipstlitdssiayrirtspipikaafiygadrivrngdrankigtiqlavickqf]
S.cattleya NVPEVVVAPTTTIOLATPDGTAIEVEQRPAQEVTEL TGPRPGPDREG= === === === ATGIPVAPLGTPAYNPAFDVTPPE
Bacillus aijpffvaaplstvdfalddgsqipieerdpveiygpe-=====-cemmmmccanaaann gnritpegaeflynpafdvtpas|
s. lividans hvEfvvvapvttvdpdtpdgas*ieveqrpgyevteitapqvp-vaga ---------- ggEipvaplgtqaynpafdvtpﬁe
Ssaccharomyces gilkffvvapkttidnvtetgddiiveernpeefkvvtgtvinpengslilnesgepitgkvgiapleinywnpafditphe
S.cattleya PPELITAVVTETGVASPVTGSSIAALAARPGPVRAQP

gacillus paslitaiiteqgaiap--------==--==ccuuun

S. lividans pgelvtaivteeg\ spvttealaslcar--------

Saccharomyces phelidgiiteegft------commmcmcccmcann

Fig 3.1. Clustal-omega sequence alignment of S-FDRPi with other MTRPi.'’ Red boxes indicate

the two key residues C177 and D257. Green boxes indicate other conserved regions.
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The catalytic residues Cys177 and Asp257 were conserved through all four
isomerases, and the five residues adjacent to these two sites were mostly conserved.
This suggests that the active site arrangement in 5-FDRPi will closely resemble that of
the other MTRPi’s. The other regions of the protein have some other conserved
contigs by comparison. Therefore the arrangement of the secondary structures of 5-
FDRPi is expected to loosely resemble the structure models of Bacillus and yeast

MTRPi’s.

Fig 3.2. X-ray crystal structures of two MTRPi’s. Left: 2YVK from B. subtilis;* Right: IW2W from

yeast.9

The crystal structures of Bacillus MTRPi (2YVK) and yeast MTRPi (1W2W) are
dimers with two active sites (Fig 3.2). The two structures resemble each other closely.
Their active sites are located in a pocket formed by the a-helices held together by
loops. These structures are assumed to show the relaxed state of the enzyme. The
Bacillus: MTRPi was co-crystallised with the product (S-methylthioribulose 1-
phosphate) and the yeast MTRPi with sulfate ions. In the relaxed state, the active site

pocket is opened to the solvent to allow the substrate/product to enter/depart.
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The secondary structure from the X-ray crystal structures of these two enzymes
showed a similar arrangement. In each case their monomeric units consist of segments
of a-helices and B-strands, linked by short p-turns and loops (Fig. 3.3). The secondary
structure prediction of S-FDRPi based on its linear sequence displayed a similar

pattern (Fig. 3.4)."

Helix ~ Strand [| Tum

Helix Strand ] Tum

Fig. 3.3 Secondary structures of the MTRPi of B. subtilis (top) and yeast (bottom) based on their

X-ray crystal structures.

1 384

Fig. 3.4 The secondary structure prediction of the S-FDRPi with PROE.!

Red = a-helix, Blue = B-sheet, Green = loop, White = no prediction available.

It is envisaged that S-FDRPi will have a similar structure to MTRPi’s from B. subtilis

and yeast, based on their similar secondary structure arrangements.
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3.2 Active site mutagenesis

The highly conserved active site residues Cys177 and Asp257 contains the catalytic

functional groups for the isomerase reaction. The reaction could take place through a

hydride shift or a cis-enediol intermediate® as previously described. In both scenario

Asp257 is predicted to be a general acid/base, first as an acid to protonate the furanose

ring oxygen to assist ring-opening, and then as a base to remove a proton from the OH

group at C-2 to generate the carbonyl centre. Cys177 is predicted to be deprotonated,

and would provide stabilisation to a cationic centre on C-1 during a hydride shift or as

a base to assist the formation of the enediol intermediate.

y e S/\Cy5177 (j/\cy5177
F s H F H
\io‘g} . OPOsZ
OPO,%
OH OH OH (/o
H
eo Go

o) o

Asp?T Asp?7 \

N . . . IS} S/\C 177
- e ol cis-enediol mechanism = ”
0] OH 5
TS OPO3~
0] 0
OH ) OH OH ©
s 1,2-hydride shift mechanism o
O?%‘o e}
Asp?’ Asp?7
05" gyt 05” oyt
F 'T' F H
Xe) OH
— 5—OPO;*
OPO5%*
OH OH ot (o
H
GO o “0 o
Asp?57 Asp?S7
Scheme 3.1. Two putative mechanisms of the isomerase reaction.
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In order to confirm the requirement of these residues for the isomerase reactivity, site-
directed mutagenesis'* was carried out to produce S-FDRPi with Cys177 or Asp257

replaced by another amino acid. These mutants were then assayed for activity.

Cys177 was mutated to alanine as an unreactive functional group replacement. In this
case the methylthiol group is replaced by a methyl group. Cys177 was also mutated to
a serine residue, where the SH became OH, as a similar functional group replacement.
Asp257 was mutated to glycine as an unreactive residue replacement and also to
asparagine, where the carboxylate (-CO,H) is replaced as a primary amide(-CONH,),

while keeping the atom distances similar.

Mutagenic primers were designed with 11-13 matching bases flanking each side of the
mismatched mutation codon.” A reverse complimentary sequence was used as the

reverse primer for PCR (Table 3.1). The S-FDRPi-T-Vector recombinant plasmid

(ca. 4 kb) was used as the template.

Table 3.1. PCR primers for mutagenesis cloning.

Primer Mutation Primer sequence (5’ > 3’)

forward C177A GGTGCTGACCCAC AGC AACACCGGCGCCC
reverse C177A GGGCGCCGGTGTT GCT GTGGGTCAGCACC
forward C177S GGTGCTGACCCAC GCC AACACCGGCGCCC
reverse C177S GGGCGCCGGTGTT GGC GTGGGTCAGCACC
forward D257G TGATCGGCGCC GGC CGGATCGCCGC
reverse D257G GCGGCGATCCG GCC GGCGCCGATCAG
forward D257N TGATCGGCGCC AAC CGGATCGCCGC

reverse D2S7N CGGCGATCCG GTT GGCGCCGATCAG
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The mutagenic primers were purchased (Eurogentec) and the PCR reaction was
carried out with the pFu polymerase in a pFu reaction buffer and 5 % DMSO. The
mixture was allowed to complete 16 cycles of denaturation at 95 °C (1 min), annealing
at 55 °C (45 s) and extension at 68 °C (4 mins). The PCR products were purified
from a gel with DNA gel extraction kit (Roche). They were treated with the Dpn 1
restriction enzyme to digest the parental DNA, which differ from the PCR products by
having an N-6 methylated guanidine cap (5’-GM*-ATC-3’).

The Dpn I treated DNA was transformed into E. coli DH10B competent cells and
allowed to grow on an agar plate containing ampicillin. Colonies were picked and the

plasmid was isolated for sequencing, to confirm a correct mutation.

The mutant plasmids were cut with Nco I and Xho I restriction enzymes and cloned
into pEHISTEV using these restriction sites. The pEHISTEV constructs were

transformed into E. coli BL21 Gold competent cells for protein over-expression.

The over-expression was carried out in LB media (1 L) at 25 °C for 24 h. The cells
were induced with IPTG to a final concentration of 1 mM at ODg,, of 0.5-0.6. The
cells were harvested by centrifugation (5000 rpm, 5180 g) and lysed in lysis buffer (50
ml) by sonication (Vibra Cells apparatus). The cell lysates were cleared by
centrifugation (20000 rpm, 48,384 ¢) and the supernatant were loaded to a Ni-NTA

column (3 ml) and the protein was purified by Ni-affinity chromatography.

The eluant was dialysed against 20 mM phosphate buffer pH 7.8 (5 L) at 4 °C, and

then concentrated to around 10 mg/ml (Amicon concentrator, 10 kDa MWCO).



121

The purified proteins were analysed by mass spectrometry by an in-gel tryptic digest
method'* (Table 3.2). The mass spectra of the mutant proteins were identical to the
native protein for all the signals expect those corresponding to the fragment
containing the mutation. MS-MS was carried out on these signals and the mutation

confirmed by the mass changes (Fig 3.5).

Table 3.2. Site-directed mutagenesis mutants of the S-FDRPi.

Mutation trypsin digest fragment containing mutation cale. MW

VLTHCNTGALVSGGEGTALAVVLAAHR

native 2617.3878
aal73-199
VLTHSNTGALVSGGEGTALAVVLAAHR
C177S 2601.4106
aal73-199
VLTHANTGALVSGGEGTALAVVLAAHR
Cl177A 2585.4157
aal73-199
AGVAHTLLPDGAAGSLFAAGEVDAVLIGADR
native 2934.5318
aa 228-258
AGVAHTLLPDGAAGSLFAAGEVDAVLIGANR
D257N 2933.5478
aa 228-258

AGVAHTLLPDGAAGSLFAAGEVDAVLIGAGR
D257G 2876.5264
aa 228-258
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Fig. 3.5 Mass spectra from the tryptic-digest of the isomerase mutation proteins.

The four site-mutated isomerases were assayed for their activity. The purified
isomerase mutation enzymes (0.1 mg) were separately incubated with synthetic 5'-
FDA solution (20 mM, 7.2 ul), purified PNP enzyme (0.1 mg) in phosphate buffer
(20 mM, pH 7.8, 720 pl). The reactions were carried out at 37 °C for 4 h, then D,O
(100 pl) was added to the mixture for NMR signal lock. The mixtures were analysed

by "F{'H} NMR. A control experiment was also carried out with native S-FDRPi.
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Only two peaks were observed in the NMR of the mutants. These corresponded to 5-
FDRP and §’-FDA. The third peak for S-FDRulP was only observed in the control

experiment with the wild type protein (cf. Fig. 2.9, page 71).

The assay demonstrated that both Cys177 and Asp257 are essential for isomerase
activity. The activity could not be restored by replacement with similar amino acids.
Deprotonation of Cys177 to a thiolate is predicted to be important to its activity. The
pK, of cysteine thiol is 8.0, however it was suggested that this Cys residue would form
a hydrogen bond with an amide group from a neighbouring residue and this
interaction would lower the pK, to around 7,* and would be deprotonated at the
optimal pH of 8 for the isomerase.”” The alcohol of serine in C177S has a pK, of
around 15, and is not possible to deprotonate this alcohol under physiological

conditions.

Asp257 is predicted to be a proton donor/acceptor. The normal pK, of the carboxylic
acid side chain of Asp is 3.8, but a highly conserved hydrophobic pocket surrounds
this amino acid. When Asp is located in a hydrophobic environment, its pK, has been
observed to change to 7.5.'® This would make it an ideal general acid and general base.
Replacement of COOH with COONH, would retain hydrogen-bonding capabilities
but this brings a significant change to the general acid/base property of the residue

and as a result, the residue is no longer active.
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3.3 The stereochemical course of the isomerase reaction
3.3.1 The study of the specificity of proton transfer in the MTRPI

The 1,2-hydride shift offers a working hypothesis for the mechanism of the isomerase.
It is distinguished from the cis-enediol mechanism since the C-2 hydrogen is

transferred to C-1 and is not exchanged with the solvents.

Imker and co-workers analysed the stereochemical outcome of the MTRPi reaction
with D-[1-’H]ribose 1-phosphate 62A and D-[2-’H]ribose 1-phosphate 62B as
substrates (Scheme 3.2)."” The '"H-NMR spectra of the reaction product 63A/63B
from the MTRPi reactions were recorded to try to evaluate deuterium incoporation,
but the assignment of the signal for the C-1 protons of ribulose 1-phosphate was
complicated by the a- and - anomers of its hemiketal and a congested region where

the signals appear (8, 3.6-3.8) (Fig 3.6).

Ha
H B i OH
He A . Hpal 2. alkaline o)
HO o B MTRPi 0 OPO; phosphatase Ha
) — - b
2- OH OH OH oH
on on "o OH OH
64

62AH,=DHg=H
62BH,=HHz=D “
ribokinase

OH
O Ha

He OH O

2.
OH OH Opo,2 OSPO\/k/UV/OH

HO HA Hs

63A Hy =D Hg = H
63B Hy=H Hg =D 65A Hy =D Hg = H
65B Hy = H Hg = D

Scheme 3.2. Reaction sequence in the experiment by Imker et al."”
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Fig 3.6. (A) 'H NMR from unlabelled ribulose 1-phosphate.'’
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Partial spectra (8 3.60 — 3.95) for:

(B) Unlabelled ribulose 1-phosphate

(C) (18)-p-[1-*H]Ribulose 1-phosphate 63A from D-[ 1-’H]ribose 1-phosphate 62A.
(D) (1R)-D-[ 1-’H]Ribulose 1-phosphate 63B from D-[2-"H]ribose 1-phosphate 62B.

The problem was circumvented by converting ribulose 1-phosphate 64 to ribulose S-
phosphate 65 with the successive treatment of calf intestine phosphatase and D-
ribokinase (over-expressed from E. coli) (Scheme 3.2). The C-1 pro-S and pro-R
protons could be distinguished in the 'H-NMR,"® and from these spectra, they

assigned the stereochemistry of the MTRPi reaction (Fig 3.7).
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Fig 3.7. Partial 'H NMR for: (A) unlabelled ribulose S-phosphate. (B) (1S)-p-[1-°H]ribulose S-

phosphate 65A from D-[1-’H]ribose 1-phosphate 62A. (C) (1R)-p-[1-’H]ribulose S-phosphate

65B from D-[2-’H] ribose 1-phosphate 62B.

The observation that the C-2 proton of ribose 1-phosphate becomes the C-1 pro-R

proton of ribulose 1-phosphate in the MTRPi reaction provides strong evidence for a

1,2-hydride shit.
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3.3.2 Study of the proton transfer in 5-FDRPi
An isotope-labelling experiment similar to that described by Imker et al. was carried
out in order to study the hydride migration of S-FDRPi. Since the PNP from S.

19,20 it was decided to

cattleya is able to transform adenosine to ribose 1-phosphate,
prepare [2’-’H Jadenosine by chemical synthesis, as a labelled substrate for the PNP.
This should generate a sample of D-[2-°H]ribose 1-phosphate, a precursor that it is
difficult to prepare by synthesis.”’ [2-’H]Ribose 1-phosphate can then act as a
substrate for S-FDRPi and if a 1,2-hydride shift takes place, deuterium would become

located at C-1 of the product ribulose 1-phosphate (Scheme 3.3).

NH, o)
N— SN OH
< ) OH OH
NT N
oD

HO PNP HO— D 5-FDRPi
; 2
OH OH OH OH OPOs “
66 62B OH
0

D

OH OH opo,z

63B

Scheme 3.3. Reaction sequence for deuterium labelling study from [2’-*H]adenosine.

Since the D-ribokinase used by Imker et al. to convert ribose 1-phosphate into ribose
S-phosphate was not available to us, it was planned to locate the position of the
deuterium by a GC-MS analysis instead of "H-NMR. Previously, 5-deoxy-5-fluoro-
ribulose 1-phosphate was identified by GC-MS based on a mass fragment (m/z =
283) containing C-1** (¢f. Scheme 1.11, page 23). It was envisaged that persilylated
62B and 63B would be separable by GC and if deuterium is present on these

compounds, M+1 mass signals would be observed from their mass spectra.
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3.4 Synthesis of [2’-?H]adenosine
The synthesis of [2’-’H]adenosine 66 has been reported several times in the

*32425 and Robins’ synthesis™ offered a suitable route to this compound.

literature
[2’-*H]Adenosine 66 was prepared in five steps from adenosine 67 (Scheme 3.4). The
key step involved the stereo-controlled introduction of deuterium via reduction of 2’-

ketoadenosine 70.

NH; NH, NH,
4 4 4
<NfN/) (X o
o o o

HO , TBSO ) TBSO
(i) (it)
_— > _— >
HO OH TBSO OH TBSO 0
69
67 NH, 68 NH,
N X N
N SN
4 y
(iii) <N\A@ (iv) <Nf\/)
- o HO o L HO oD N
™880 O TBSO  OH
70 71
NH,
N BN
N
v) HO NT SN
- = O\D
HO OH

66

Scheme 3.4. Reagents and conditions: (i) TBSCI (2.2 eq), imidazole, DMF (25 %), (ii) CrO,,
Ac,0, pyr (75 %), (iii) 90 % TFA (aq), 0 °C, 1 h (96 %), (iv) NaBD(OAc),, AcOH, EtOAc (88 %),
(v) 1.NH,F, MeOH, reflux, 2. Ambersep 900 OH (quant.).
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The first step involved the protection of the 3 and 5" hydroxyl groups of adenosine 67
as TBS silyl ethers by treatment with TBSCI (2.2 eq.). The partial TBS silylation of
adenosine invariably produces a mixture of products. The most reactive alcohol (5'-
OH) is first to be silylated, followed by 2’-OH and 3’-OH groups. The conditions
reported to give the highest yield of the 3’,5’-bis-O-silyl ether was adopted.”®*” The
reaction gave a mixture of four compounds: 5’-mono-O-silyl 72, 2’,5’-bis-O-silyl 73,
3’,5’-bis-O-silyl 68 and 2°,3’,5’-tris-O-silyl 74 adenosines, which were separable by
silica gel chromatography. However since the 2’,5’-bis-O-silyl 73 and 3’,5’-bis-O-silyl
68 products eluted with some overlap, it was necessary to perform a second
chromatography on this mixture in order to obtain a clean sample of 68. Although the
isolated yield was modest (25 %), it was convenient to scale up this first reaction as it

uses readily available starting materials.

NH,

NH,

NNy NN

<7 ef

TBSO N N/) TBSO N N/)
NH, io?j ioj

(NfN HO  OH HO  OTBS
N N/)

o)

HO 72 73

(i)

- . 14 % 36 %
HO  OH Nz
N X N
N SN
4
67 <f\/) < |l y
TBSO NN TBSO NN
o] o)
TBSO OTBS TBSO OH
74 68

7% 25%

isolated yields

Scheme 3.5. Reagents and conditions: (i) TBSC1 (2.2 eq), imidazole, DMF.
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Oxidation of alcohol 68 was carried out using Garegg-Samuelsson conditions®® %

(CrO,/pyridine/Ac,0).

NH, NH,
7 7
<Nfl\l\/) <N |N/)

o) o)

TBSO OH TBSO o

TBSO (i) TBSO

68 69

Scheme 3.6. Reagents and conditions: (i) CrO,, Ac,O, pyr (75 %)

The transformation of alcohol 68 to ketonucleoside 69 was accomplished in a 75 %
yield. The active oxidant in this reaction is a chromium trioxide-pyridine complex and

acetic anhydride is suggested to assist in the reduction of Cr (VI) to Cr (IV)*

(Scheme 7).
0]
0 N-0
%
Z %
Iy o /U\OJ\ Iy 0o »— O \|I\1+ I o
\\ +‘C///OH \\ N‘C/// /lL , \NLCI’:O |
O T e Ao T y
O] H O H OYR
RR RR R

Scheme 3.7. Mechanism of alcohol oxidation by the Garegg-Samuelsson conditions.
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Deuterium was then introduced stereoselectively to the 2’-ketone 69 in a two-step
protocol involving reduction with a source of deuteride. NaBD, and LiAID,
preferentially attacked the bottom face of 2’-ketonucleoside 69. This gave the
undesired arabino-isomer as the major product.””* To override this selectivity, a
coordinating reducing agent NaBD(OAc), was employed as it anchors to the 5-OH

group to delivery deuteride from the top face (Fig. 3.8).

o ’ OAc

~ed
o.. "OAc
D
@

TBSO (oH

Fig 3.8. Triacetoxyborodeuteride reduction directs the deuteride to the top face of the ketone.

To provide the free 5" hydroxyl group for coordination of the reducing agent, the S-OTBS
group was selectively hydrolysed by a short treatment of 69 with 90 % TFA at 0 °C. Under
these conditions the 3’-OTBS group was not affected and gave 70 in 96 % yield.
Treatment of 70 with NaBD(OAc), gave 71 with excellent selectivity. The formation

of arabino-product was not detected.
NH, NH, NH
N A
N A N X . 24 f\N
N , N
CT ) o 4 f/) o G
TBSO o NTSNT HO o N7 SN — ob

TBSO o TBSO 9 TBSO OH

69 70 71

Scheme 3.8. Reagents and conditions: (i) 90 % TFA (aq), 0 °C, 1h (96 %) (ii) NaBD(OAc),,
AcOH, EtOAc (88 %).



132

Finally the 3’-OTBS group on 71 was removed with ammonium fluoride in methanol
under reflux. [2’-’H]Adenosine 66 was extracted into the aqueous layer together with
some excess ammonium fluoride. A scavenger resin (Ambersep 900 OH) was used to
exchange excess fluoride with hydroxide ions and then the aqueous layer was
lyophilised to give 66 as an off-white powder. The mass spectrum of [2-’H]adenosine
showed a clear M+1 ion compared with unlabelled adenosine as shown in Fig. 3.9.
The C-NMR spectrum of 66 was identical to pure adenosine 67, except the signal
for the 2’-carbon became a 1:1:1 triplet due to deuterium (I = 1) coupling to carbon
(Fig. 3.10). There is the presence of unlabelled adenosine in the sample (2 % by
NMR) as a minor product consistent with the 98 % deuteration level of NaBD,

reagent used in the synthesis.

NH, NH,
N
<1 ) () < I

71 66

Scheme 3.9. Reagents and conditions: (i) 1. NH,F/MeOH, reflux , 2. Ambersep 900 OH resin

(quant.).
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KKJC-adenosine 48 (0.879) Cm (15:50) TOF MS ES+
100 290.0742 6.93e4
268.0916
u %
269.0929 291.0768 300.1116
301.0867
236.0666 271.1441 281.0426 292.0845
5 230.0836 541 0760 2562074 2071534 i 3101086 101193 328.1336
KKJC36-deuterioadenosine 49 (0.897) Cm (17:51) TOF MS ES+
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%
2422717 200.0762 | 292.0800
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Fig. 3.9. ESI Mass spectra of normal adenosine 67 (top) and [2’-’H]adenosine 66 (bottom),
showing the [M+H]" (m/z = 268 and 269) and [M+Na]" (m/z = 290 and 291).
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Fig 3.10. (A) "C NMR spectrum of synthetic [2’-*H]adenosine 66. (B) °C NMR spectrum of

adenosine 67.
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3.5 Enzyme reactions with [2’-?H]adenosine

Having prepared deuterium labelled substrate [2’-’H]adenosine 66, the enzymatic

assay was then carried out.

PNP (fIB from S. cattleya) was over-expressed in E. coli as a fusion protein with
maltose binding protein (MBP) to improve its solubility.”’ Adenosine is not the
natural substrate for PNP of the fluorometabolite pathway, which normally acts on 5’
FDA instead. It was envisaged that the PNP would accept 66 as surrogate substrate

with only a minor perturbation due to a small secondary kinetic isotope effect.

The isomerase S-FDRPi is the next enzyme on the fluorometabolite pathway. In this
labelling experiment, it receives ribose 1-phosphate generated from the PNP reaction
in situ as its substrate. When S-FDRPi is included with PNP in the enzyme reaction
mixture, D-ribose 1-phosphate is converted to D-ribulose 1-phosphate. If the
deuterium is transferred by a specific 1,2-hydride migration, D-[1-*H]ribulose 1-
phosphate 63B will be generated. Alternatively if the cis-enediol mechanism takes

place, the deuterium label would be lost to the solvent (Scheme 3.1).

It is assumed that S-FDRPi is able to accept the hydroxydefluoro substrate 62B, since

MTRPi is known to accept ribose 1-phosphate 67."

Incubation reactions were carried out with synthetic sample of [2’-*H]adenosine 66
(50 mM final concentration) with PNP (0.1 mg) alone, or together with S-FDRPi
(0.1 mg), in phosphate buffer (pH 7.8, 10 mM, S ml) at 37 °C for 6 h. Unlabelled

adenosine was used in a parallel experiment as a control.
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NH,
N AN
N
7
HO <N | N/) R 2
oR PNP HO oR 5-FDRPi o OPO,
OPO;% OH
OH OH OH OH = ° OH OH
69 R =H 67 R=H
66 R =D 62BR =D “
OH
o
R

OH OH opo32-

68 R=H
63BR=D

Scheme 3.10. Enzymatic conversion of [2’-’H]adenosine to [2-’H]ribose 1-phosphate and [1-
*H]ribulose 1-phosphate.

Analysis of the mixture to locate the deuterium label on the ribulose 1-phosphate
formed was attempted by different methods. Despite different attempts, a conclusive
result could not been reached. Details of the analytical methods used are described

below.
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3.6 Analysis of the deuterium labelling experiment
3.6.1 GC-MS analysis of the deuterium labelled products

In a previous study of the fluorometabolite products, a GC-MS method carried out by
Dr John G. Hamilton (Queen’s University of Belfast) was successful in separation of
the MSTFA derivatised 5-deoxy-5-fluororibose 1-phosphate and S-deoxy-5-
fluororibulose 1-phosphate.”* In that experiment, the two isomeric sugars were
separated in GC with retention times of 9.7 mins and 10.8 mins. It was envisaged that
this technique could also be applied to the analysis of the deuterium labelled ribose

and ribulose phosphates.

To prepare the samples for GC-MS analysis, the reaction mixtures were filtered
through protein concentrators (10 kDa MWCO) to remove PNP and S-FDRPi
proteins. The filtrates were freeze-dried and the residues were treated with neat
MSFTA (1 ml) at 100 °C for 1 h. These samples were then sent for analysis at Queen’s
University of Belfast. In this experiment, adenosine 75/76 was detected with a
retention time of 17.5 mins for both the labelled and unlabelled samples. The sugar
phosphates 77/79 from the unlabelled adenosine reaction could be observed at
retention times of 12.8 and 13.6 mins as two major peaks, however the sugar
phosphates 78/80 could not be found in the labelled adenosine incubation

experiment (Fig. 3.12).

NHTMS

Ny
< R oTMS
/
TMSO o RN TMSO oR  OTMS o O_R\/OTMS omi
- O/F',\,OTMS o o
\
(6] OTMS o OTMS
TMSO — OTMS TMSO - OTMS TMSO  OTMS TMSO ~ OTMS™ R’
d “otms
79R=
75R=H 7TR=H ¢ 302:8 P
76 R=D 78R =D

Fig 3.11. Persilylated enzyme reaction products.
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Fig 3.12. (Top) GC-trace of unlabelled adenosine incubation experiment. (Bottom) GC-trace of

labelled [2’-*H Jadenosine incubation experiment.
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The mass spectrum (CIMS) of the peaks at retention times 12.8 and 13.6 mins from

the unlabelled control experiment confirmed the identity of persilylated

ribose/ribulose phosphates 77/79/81 (MW = 590) with m/z = 619 (M+29) and 631

(M+41), corresponding to [M+C,H,]" and [M+C,H,]* (Fig. 3.13).
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Fig 3.13. CIMS spectra from unlabelled adenosine experiment. Left: peak A at t=12.8 mins

Right: peak B at t=13.6 mins
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Fig 3.14. Possible structures giving rise to molecular ion peaks of 619 (M+29) and 631 (M+41).
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The analysis of these GC signals at retention times 12.8 and 13.6 mins from the
unlabelled control experiment by EIMS gave mass ion fragments that could be
rationalised with both the structure of ribose 1-phosphate or ribulose 1-phosphate
(Fig. 3.15, 3.16). The mass fragment of m/z = 283 was found as a minor signal in peak
A (retention time = 12.8 mins) but it is unclear whether it had originated from
fragmentation of the bond between C-2 and C-3 of chain form ribulose 1-phosphate, as

such a mass could also be calculated for the structures shown in the red box in Fig. 3.16.
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Fig 3.15. EIMS spectra from unlabelled adenosine experiment. Left: peak A at t=12.8 mins
Right: peak B at t=13.6 mins
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Fig 3.16. Possible fragmentation patterns to give rise to the major peaks in EIMS.
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Analysis of the experiment using [2’-’H]adenosine did not result in any identifiable
sugar phosphate products. Since both the reaction using labelled or unlabelled
adenosines were carried out under identical conditions, it is unclear why the sugar
phosphates could not be found in the deuterium labelled experiment. A secondary
kinetic isotope effect may reduce the rate at which 2’-deuteroadenosine was being

turned over by PNP.

The GC-MS method is limited by its ability to distinguish the chemical identities of
the two isomeric sugar phosphates as they have the same mass. The equilibrium
between the furanose ring and linear open chain forms of ribulose 1-phosphate also
further complicates structure assignment based on fragmentation patterns in EI mass

spectrometry alone.



142

3.6.2 *C-NMR analysis of the deuterium labelled products
The >C NMR signal of a carbon with a deuterium attached is split into a triplet (°C I

=15, ’H I = 1) and usually diminishes into noise. It was envisaged that the deuterium
label could be located by comparing the ’C NMR spectra of the reaction products

from both the labelled or unlabelled experiments.

However since °C only has a natural abundance of 1 %, a relatively large quantity of
substrate (eg. 30 mg adenosine) and enzymes (eg. 30 mg) was required for each

reaction to ensure sufficient products for detection by >C NMR.

Solutions of both adenosine 67 and [2’-*H]adenosine 66 (30 mg each) in phosphate
buffer (50 ml, pH 7.8) were added to PNP and isomerase (30 mg each) enzymes.
After incubation at 37 °C for 6 hours, the mixtures were filtered through protein
concentrators (10 kDa MWCO) to remove the enzymes and the filtrates were freeze-
dried. The residues were extracted with dry d,-DMSO, in which the inorganic

phosphates were insoluble, and the DMSO solution was analysed by NMR.

However the sugar phosphates were not observed in the NMR spectrum suggesting

that they may be insoluble in DMSO due to the charged phosphate groups.
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3.6.3 Analysis of the deuterium labelled products by
deoxofluorination and *F{'H} NMR
Fluoromethyl groups (-CH,F) give a "F-NMR signal in the -220 to -240 ppm

> Replacement of one of the hydrogen atoms with deuterium on a

region.
fluoromethyl group (-CHDF) has been observed to cause the '’F chemical shift to
move upfield by approximately 0.5 ppm when compared with a CH,F group in the
same chemical environment. This has been used as a tool to observe the presence of
deuterium on a fluorinated substrate in enzyme reactions.” ** Therefore an
experiment was devised to assess whether the deuterium label was present on C-1 of

ribulose 1-phosphate by converting the C-1 of the sugar phosphate into a

fluoromethyl group and then studying the fluorinated substrate by ’F{'"H} NMR.

Treatment of ribulose 1-phosphate with a phosphatase would give the free alcohol.
Deoxofluor™ 82 treatment of this product would fluorinate the primary alcohol to

generate a fluoromethyl group (Scheme 3.12).

SFs
N
, MeO” """ 0OMe
R 82 R'
A
R OH > R)\F

Scheme 3.11. General dehydroxyfluorination of an alcohol by Deoxofluor™ 82.
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Scheme 3.12. Enzymatic dephosphorylation of ribulose 1-phosphate and fluorination to generate a

fluoromethyl group.

Both unlabelled adenosine and [2’-*H]adenosine were treated with PNP alone, or
with PNP and isomerase. Then the enzymes were denatured by briefly heating to 100 °C
and the precipitated enzymes were removed by centrifugation. The pH of the solution
was adjusted to 5.6, optimal for acid phosphatase. The acid phosphatase (Sigma
Aldrich) was added and was allowed to react for 2 h at 37 °C. Then the enzymes were
again denatured and removed. The supernatant was lyophilised, and the dry residues

were treated with an excess of Deoxofluor™ in THF (50 % solution).

After the fluorination reaction, the reaction was worked up with sat. NaHCOj, solution
until netural, and extracted into CDCI,. The CDCI, extract was separated and dried

(MgSO,) and analysed by "F{'H} NMR.

The results were inconclusive. The fluorine signals for the fluoromethyl group region
(-220 to -240 ppm) were almost identical when comparing the labelled and unlabelled
experiments. Changes in chemical shifts greater than 0.2 ppm was not observed which

suggested that-CHDF signals were not present as products in these reactions (Fig. 3.17).
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Fig 3.17. "F{'"H} NMR of fluorination on the lyophilised enzymatic reaction mixture for the region
of fluoromethyl groups from -215 to -240 ppm. (A) The top spectra had unlabelled adenosine as

substrate and (B) the bottom spectra had [2’-’H]adenosine as a substrate.

To test the working hypothesis of hydride migration from C-2 of ribose 1-phosphate
to C-1 of ribulose 1-phosphate against the cis-enediol mechanism, the reaction using
unlabelled adenosine was repeated with normal water or with 50 % D,O in H,O as
solvent. If the hydrogen transfer was not specific, deuterium from the solvent could be

exchanged with the product and a CHDF group could be formed.

Once again, there was no observable change to the NMR shifts between the

experiment conducted in H,O or in 50 % D,O in H,O (Fig. 3.18).
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It is unclear whether the C-1 of ribulose, if present in the mixture had been converted

into any fluoromethyl groups.
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Fig 3.18. "F{'H} NMR of fluorination on the Iyophilised enzymatic reaction mixture for the region

of fluoromethyl groups from -215 to -240 ppm. Both reactions used unlabelled adenosine but the
reaction was carried out in (A) H,O orin (B) 50 % D,O in H,O.
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3.7 Conclusions

Structural analysis of 5-FDRPi from S. cattleya with the linear sequences of MTRPi
from other species revealed they are highly conserved. In particular, the two catalytic
residues Cys177 and Asp257 are always conserved. The predicted secondary structure
of S-FDRPi also resembles the crystallography-determined secondary structures of
MTRPi from B. subtilis and yeast closely. Based on these similarities, it is reasonable to
assume that S-FDRPi is an enzyme that resembles MTRPi in its overall protein folding

and the arrangement of its active site.

The isomerase becomes catalytically inactive when Cys177 or Asp257 are mutated.
This observation further attests to their roles in catalysis and the need for these

residues to remain highly conserved across MTRP isomerases.

A 2’-deuterium labelled adenosine 66 was prepared by chemical synthesis for
monitoring the stereochemical course of the isomerase reaction, since a specific
migration of deuterium will lend support to the working hypothesis of the hydride
shift mechanism. Different analytical techniques have been explored but in the end,
the analyses did not provide sufficient data to identify the deuterium label after
enzyme reactions. A possible explanation is that PNP and/or 5-FDRPi turn over

unlabelled adenosine easier than [2’-’H Jadenosine, due to the kinetic isotope effect.
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4. The total synthesis of (-ethynyl-L-serine and its in vivo

detection by the click reaction

4.1 Streptomyces cattleya and p-ethynyl-L-serine

B-Ethynyl-L-serine 4 was isolated from a culture of S. cattleya in 1986 by Sanada et al.
in Okazaki, Japan.! The same research group also reported the isolation of
fluoroacetate and 4-fluorothreonine from extracts of S. cattleya.” B-Ethynyl-L-serine 4
was a known natural product, of the fungus Sclerotium rolfsii. The fungus had
contaminated the feedstock of domestic chickens, leading to food poisoning and the

acetylenic amino acid was identified as the toxin responsible (LD,150 mg/kg).’

In early investigations into the biosynthetic pathway of fluoroacetate and 4-fluoro-L-
threonine, a hypothesis developed that -ethynyl-L-serine 4 is a precursor to 4-fluoro-
L-threonine.* When S. cattleya is growing in a defined medium, it produces $-ethynyl-
L-serine after six days (at ca. 0.0S mM) and the accumulated concentration increases
gradually to ca. 0.2 mM by day 28. The production level of 4-fluoro-L-threonine, at ca.
0.8 mM on day 28, is approximately four times higher than that of -ethynyl-L-serine
(Fig 4.1).°> The low accumulated titre of B-ethynyl-L-serine is likely due to the

decomposition of the unstable amino acid during the fermentation experiment.



Growth (mg dry weight/ml)

152

1 09
6 -~ I %
S !
\
/
5 /
- ’ -~
! 106 E
l"‘ g
4 | B
! 3
! 2
! a
3+ ! 2
/ 5
[} ¥t
i 103 é
2+ ! S~o
!, \]: = E
/ :I: T~
1t ! ~~3
S
7 — -0 — Growth —a—3-Ethynylserine production —8— 4-Fluorothreonine production
0 'y 1 1 1 1 0
15 20 25 30

10
Culture age (days)

Fig. 4.1. The growth and production of secondary metabolite (B-ethynylserine and 4-

fluorothreonine) of S. cattleya in a defined medium. Image taken from PhD thesis, ].T.G. Hamilton.’

Feeding experiments were conducted with [1,2-°C,]glycine, [1-"°C,]pyruvate,
[2-C, ]pyruvate and [3-"°C,]pyruvate. In all cases there was no “C incorporation
into B-ethynylserine. On the other hand, 4-fluorothreonine was significantly labelled
by the pyruvate precursors in the same experiments. It was therefore concluded that

the two amino acids do not originate from a common biosynthetic pathway.” A

biosynthetic hypothesis for the observed labelling pattern into 4-fluorothreonine is

presented in Scheme 4.1.%"*

The interest at that time was focused on the biosynthetic origin of the

fluorometabolites, and therefore further studies into the biosynthesis of f-

ethynylserine 4 were not pursued.
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Scheme 4.1. Rationale for C-labelled pyruvate incorporation into fluorothreonine in S. cattleya.””*

A target of this project was to develop an enantioselective synthesis of B-ethynyl-L-

serine to be used as a reference compound. This reference would be used to develop a

click reaction procedure for the assay of the amino acid in extracts of of S. cattleya

using HPLC/LCMS. It is envisaged that the analytical procedure will be applied for

the future analysis of isotope-labelling studies, such that the biosynthesis of the amino

acid can be explored in more details.
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4.2 Previous syntheses of f-ethynyl-L-serine and derivatives

B-Ethynyl-L-serine is a small molecule with two stereogenic centres and four different
functional groups. A synthesis of racemic B-ethynylserine has been reported.’ Also an
enantioselective synthesis of a protected form of p-ethynyl-L-serine has also been
carried out.” Currently the total synthesis of this natural product in its free form had

not been reported.

There are two obvious ways to disconnect the molecule by retrosynthetic analysis.
These involve cleavage to either an acetylene and a serine aldehyde synthon
(Disconnection A) or alternatively to glycine and propiolaldehyde (Disconnection B).
In both cases, a strategy to control the stereochemistry can be envisaged. In the former
case, the asymmetry could be derived from enantiopure serine which is oxidised to an
aldehyde followed by diastereoselective addition of an acetylene group. In the latter
case, enantioselectivity could be achieved by attaching a chiral auxiliary to the glycine

before a diastereoselective coupling to propiolaldehyde (Scheme 2).

Disconnection A Disconnection B
*HyNT ~CoOor *HaNT ~COoOr
diastereoselective diastereoselective
addition addition
/O
—0
= ’l]i/o ;2
*H3N COO” °
’ *HaN" > CoOr
Aux*

Scheme 4.2. Two possible disconnections for the retrosynthesis of p-ethynyl-L-serine.
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4.2.1 Racemic synthesis of -ethynylserine

Potgieter and co-workers® (University of Pretoria, South Africa) first isolated the toxic
component from the fungus Sclerotium rolfsii. Chemical analysis showed that the
compound was likely to be an a-amino acid (ninhydrin staining) and it precipitated as
a cuprous acetylide with ammoniacal cuprous chloride. An empirical formula of
C,H,NO;was obtained from a molecular mass of 129; IR absorptions were measured
at 3264 cm’ (asymmetric -C=CH) and 2134 cm’ (symmetric -C=C-).
Hydrogenation of the compound gave D,L-threo-B-hydroxynorvaline. Based on these
data, along with the 'H and "?C NMR spectra, a correct structure was assigned to the
isolated toxin. The absolute configuration was assigned on the basis that the
compound was oxidised by an L-amino acid oxidase but not by a D-amino acid

oxidase.?

A racemic sample of a mixture of diastereomeric P-ethynylserine was prepared

(Scheme 4.3) to help confirm the structure assignment.

The synthesis was based on disconnection B (Scheme 4.2), by a condensation of

copper glycinate 83 with propiolaldehyde 84 (Scheme 4.3).

HoN / H,N” ~CO0 H,N” ~COO0
1% CuZ* * & 8 h, r.t. . .
83 84 12 % \\»\OH \[OH
HN" ~Coo HN" ~Co0o

: rac-4 ; : rac-85 ;

racemic mixture of both diastereomers

Scheme 4.3. The racemic synthesis of B-ethynylserine as a mixture of the two diasteromers by Potgieter.’
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The compound rapidly decomposed under neutral or basic aqueous conditions where

it turned into a brown solution.
Although the synthesis gave a mixture of four stereoisomers, it was accomplished in a

single step, and provided a synthetic sample of the amino acid to secure a structure

elucidation of the natural product.

X _OH

go
_4
H H (\
o €]
H2N )%‘/O —_— H2N /é/o  » H2N O
O@

Scheme 4.4. Reaction mechanism of glycinate addition to propiolaldehyde.
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4.2.2 Synthesis of a protected form of g-ethynyl-L-serine

LctM is a dehydratase involved in the biosynthesis of the lantibiotic lacticin 481 by
Lactococcus lactis.'” " LctM dehydrates hydroxyl group-bearing amino acids (Ser, Thr)
into olefinic dehydroamino acids.'” The dehydration can only occur on amino acid
residues at specific positions of a short peptide chain extending from the C-terminus

of a leader peptide sequence, that is recognised by the enzyme LctM (Scheme 4.5).

Thr Ser Ser B-ethynylserine
A,V
MKEQNSFNLLQEVTESELDLILGA—-KGGSGVIH—NH lle—NH HECNMN-NH ‘%, H H
leader peptide HO N o) N 0 \\ o H_"‘/N °
N “om oH .
‘7
& OH
l LctM
LctM 2
NV
N
w | 0
MKEQNSFNLLQEVTESELDLILGA: KGGSGVIHih;—i_(Ie—NH HECNMN-NH %, &
leader peptide J lo) 7 (0] 7 o

Scheme 4.5. LctM catalyse the dehydration of p-hydroxyamino acids.

Zhang and van der Donk conducted an investigation into the substrate specificity of
LctM.” They prepared short synthetic peptides where Ser or Thr was replaced by
unnatural amino acids, and these were linked to the leader peptide for enzymatic
assay. p-Ethynylserine was among the eight different p-hydroxyamino acids used to
probe the specificity of LctM. They were all prepared in suitably protected forms for

Fmoc-based solid phase peptide synthesis.
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B-Ethynyl-L-serine 86 was prepared with Fmoc on NH, and a tert-butyl ether on OH,

the carboxylic acid was left free for coupling chemistry.

\%

X L0
FmocHN ©
OH
86

The synthetic approach was based on disconnection A (Scheme 4.2), and involved a
key coupling reaction between D-Garner’s aldehyde 87 and an organocopper(I)
acetylide (Scheme 4.6). This coupling reaction was developed earlier by Herold and

proceeded with high (20:1) diastereoselectivity."

87 88
syn:anti 20:1

Scheme 4.6. The key coupling reaction in the synthesis of 86."

The diastereoselectivity of the reaction can be rationalised by chelation control, where
the aldehyde and the Boc-carbamide C=O co-ordinate a magnesium ion. This

stabilisation promoted an anti-Felkin-Anh orientation and the use of a soft
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organocopper(I) nucleophile, ensured the reaction was under thermodynamic rather
than kinetic control. Herold had shown that a lithium acetylide gives an equally high

selectivity, but for the anti-product (Fig 4.2).">'*

Organocopper(l) acetylide Organolithium acetylide
in the presence of Mg?*

> oy
N
| 7K

TMS
Chelation control Felkin-Anh model
The conformation is held by a Mg?* ion. The conformation minimises the overall dipole.

Fig 4.2. Rationale for the diastereoisomeric control of the coupling reaction.

The synthesis was completed in 8 steps and 62 % overall yield from p-Garner’s
aldehyde by protecting group manipulations and an oxidation of the primary alcohol
to the free carboxylic acid (Scheme 4.7). After the coupling reaction to form 88, all
protecting groups were removed in two steps giving amino alcohol 90, on which
protecting groups were installed sequentially. The primary alcohol was first protected
as a bulky TBDPS silyl ether. Then an O-t-Bu ether was installed on the free secondary
OH group. This strategy allowed the primary OH to be released by treatment with
HF-pyridine such that a Jones oxidation could be performed to give the protected
ethynylserine 86. This synthesis illustrated in Scheme 4.7 formed the basis of our

synthetic strategy.
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X OH NN
HCI / dioxane N OH
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FmocCl, NaHCO3 .
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Scheme 4.7. The synthesis of protected ethynylserine 86 by van der Donk and Zhang.’
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4.3 An approach to an asymmetric synthesis of p-ethynyl-L-serine
using the Belokon nickel(ll) complex of glycine

Belokon developed a versatile asymmetric synthesis for P-hydroxy-a-amino acids
using a chiral glycine equivalent, which has been reacted with various aldehydes and
ketones.'>'® Glycine 95 is attached to the proline-based chiral auxiliary (S)-2-[N-(N-
benzylprolyl)amino Jbenzophenone [(S)-BPB] 96 via formation of the Schiff base and
this is complexed with a nickel(II) ion to form a highly stable square-planar complex,

known as Ni-(S)-BPB-Gly 97.

o
O._Ph
e O T
\H/\NHz o ‘“—Ph
o)
glycine (S)-BPB Ni-(S)-BPB-Gly
95 96 97

The methylene protons of glycine in complex 97 can be deprotonated and many
carbon electrophiles, mainly aldehydes and ketones have been coupled with the
complex to produce a-amino acids with excellent diastereoselectivity for the threo-
product and with excellent enantioselectivity (often >90 %)" (Scheme 4.8). It was
envisaged that a coupling between propiolaldehyde and Ni-(S)-BPB-Gly may offer a

useful route to -ethynyl-L-serine.
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Scheme 4.8. Ni-(S)-BPB-Gly reacts with an aldehyde to synthesise a-amino acids.

While most saturated aliphatic aldehydes and ketones reacted well to produce the
expected B-hydroxy-a-amino acids in good to excellent yields and stereocontrol,”
conjugated a,B-unsaturated aldehydes and ketones do not give the obvious 1,2-
addition product. Instead the conjugate 1,4-addition product forms exclusively and

this had been exploited as a practical route to substituted prolines (Scheme 4.9)."”

/j O| R
Ph o)
Ph N\Nilo [ o K/S/l( o R
/ + Ph _ )
N\H/Q f  — /N\/Ni/‘N// —_— 04{_37002
o H R N HsN
U
97
exclusively 1,4-addition “
R NaBH, R
(5. — (X
H COz- N+ C02

Scheme 4.9. Using a,f-unsaturated aldehydes to synthesise substituted prolines.17
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The Ni-(S)-BPB-Gly complex was prepared following the published procedure.'®
Firstly L-proline 98 was benzylated with benzyl chloride and potassium hydroxide to
generate N-benzyl L-proline 99, which was then coupled to o-aminobenzophenone

100 to give the chiral auxiliary (S)-BPB 96.

(i) (ii) Oy Ph

jh
: ,\\NH > : ‘\\N > H\[(/:\]>
Oy Ph
CO,H CO,H % " O “Pnh
2

98 96
99 100

Scheme 4.10.
Reagents and conditions: (i) BnCl, KOH, i-PrOH, 40 °C (63 %) (ii) o-aminobenzophenone 100,

MsCl, N-methylimidazole, CH,Cl, (88 %).

Finally (S)-BPB 96 was reacted with nickel(II) nitrate and glycine to give the complex

Ni-(S)-BPB-Gly 97, which was obtained as bright red crystals after recrystallisation.

O

O._Ph /J< Ph

H . Ph N P //
N ., P () 7 NiwN

N * H,N" “CO,H > N
O “—Pn 3

o)

96
97

95

Scheme 4.11. Reagents and conditions: (i) Ni(NO,),, NaOH, MeOH, 55 °C (84 %).

As a model reaction, the complex was reacted with acetaldehyde using sodium
methoxide as the base, and a product 101 identical to L-threonine by TLC was

obtained after quenching the reaction with an acid.
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O

AO //Ph

Ph
NNy o (i) '
/ + j - COoOr
N HaC - HaC i
o H NH;
97 101

Scheme 4.12. Reagents and conditions: (i) 1. NaOMe, MeOH, 1 min., then S % AcOH (aq).

Propiolaldehyde is not a commercially available substrate. It is susceptible to self-
polymerisation and must be freshly prepared immediately prior to use from propargyl
alcohol.” However, the TMS-protected propiolaldehyde 102 is more stable and is
commercially available. The TMS-acetylene group can be deprotected relatively easily
by treatment with KOH or NaOEt. This deprotection may even be completed in situ

in an excess of sodium methoxide.

A series of test reactions were carried out using 102 and the products were analysed by

both RP-TLC with ninhydrin staining and by NMR (Scheme 4.13, Table 4.1).

c
/’J(O Ph . ! !
Ph N~ [ o) (i) ; OH
“\Triiij> N /////J . /;4?//1\T/chr
gz | = |
o) H ™S = E TMS NH5* E
97 102 E not formed !

Scheme 4.13. Reagents and conditions: (i) 1. NaOMe, MeOH, then 5 % AcOH (aq).



Table 4.1. Reaction conditions tested for Ni-(S)-BPB-Gly coupling reactions.
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reaction Result
Ni-(S)-BPB-Gly aldehyde base
time/temp
acetaldehyde NaOMe L-threonine
1 eq. 1 min / r.t. formed after
L.S eq. 3.5eq. work-up
102 NaOMe complex mixture,
1 eq. 1 min / r.t. incomplete
1.5 eq. 3.5eq. reaction
102 NaOMe complex mixture,
1 eq. 1 min / r.t. SM consumed
2.5eq. 3.5¢eq.
102 NaOMe complex mixture,
1eq. 1 min / r.t. SM consumed
2.5 eq. 10 eq.
102 NaOMe recovered
1eq. 1 min / -78°C SM
2.5 eq. 3.5 eq.

The reactions with 102 mostly gave complex mixtures. Side reactions such as

conjugate addition and decomposition may have occurred. The strongly basic

conditions may of course lead to the degradation of ethynylserine immediately on

formation. This approach was not pursued.
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4.4 The synthesis of B-ethynyl-L-serine from p-serine

The synthesis of f-ethynyl-L-serine 4 was completed using a stepwise approach from
D-serine similar to that used by Zhang and van der Donk.” Since the protected form 86
of ethynylserine was not required, the synthesis was optimised for delivery of the free

amino acid 4.

4.4.1 Preparation of b-Garner’s aldehyde from p-serine

Garner’s aldehyde® has been shown to be a synthetically useful chiral building block®'
and it is relatively easy to prepare from either L- or D-serine in 3 to S steps.””>>** The
OH and NH, groups of serine are protected as an oxazolidine. This 5-membered ring
gives the molecule conformational rigidity and steric bulk that imparts facial selectivity
to nucleophilic reactions on the aldehyde. Our synthesis of Garner’s aldehyde

followed the published procedures by McKillop et al.**> and Moriwake et al.**

-0__0 H. O | 0. 0 H. 0
+H3N:§ gt BocN\‘\'/g | +H3N§ it BocNi
HO O | HO %\O
L-serine L-Garner's I D-serine b-Garner's
aldehyde aldehyde
103 104 105 87

Fig. 4.3. D/L-serine can be converted into the synthetically versatile D/L-Garner’s aldehyde.

D-Garner’s aldehyde 87 was prepared in three steps from D-serine methyl ester 106,
which was purchased as its hydrochloride salt. The free amine was protected using
Boc,O, and then the oxazolidine 108 was formed by condensation with acetone and
2,2-dimethoxypropane. Lastly a diisobutylaluminium hydride (DIBAL) reduction of

the methyl ester gave aldehyde 87.
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Boc-protection of 106 proved to be straight-forward and gave 107 in an excellent

yield (92 %) and purity.
Meoﬁo () MeO.__O
"HaN BocHNI‘
cr OH OH
106 107

Scheme 4.14. Reagents and conditions: (i) Boc,0, Et,N, CH,CL, (92 %).

The formation of oxazolidine 108 from 107 was most efficient (96 %) when BF.-
etherate was used as a Lewis-acid catalyst. A low loading of the catalyst sufficed (20 pl
per 1 ¢ 107, 3.5 mol %) and the reaction was allowed to proceed for 24 h at 0 °C.
Experience showed that the 2,2-dimethoxypropane must be dried over sodium and
freshly distilled prior to use. When the level of BF,-etherate was increased or when the
reaction was carried out at room temperature, a substantial increase in side-products
was observed. The use of p-toluenesulfonic acid as the catalyst under Dean-Stark

conditions also led to the generation of side-products.

0]

MeO O 0) MeO
—_—
BocHN BocN
OH /%R\O

107 108

Scheme 4.15. Reagents and conditions: (i) Acetone, dimethoxypropane, BF,.OEt,, 4 °C (83-96 %).
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DIBAL reduction of the methyl ester was carried out at -78 °C, and was then
quenched with methanol, keeping the temperature at -78 °C. Under these conditions,
very little of the over-reduction product was observed. The over-reduced side product
could be readily separated by column chromatography. The reaction typically gave

between 63-85 % yield after chromatographic purification.

MeO. O H O
—_—
BOCNX BocN
o) /%O
108 87

Scheme 4.16. Reagents and conditions: DIBAL/Toluene, -78 °C (63 - 85 %).

This preparation of D-Garner’s aldehyde was performed on a 10 g scale. It was
obtained as a colourless syrup and was not very stable. Decomposition was observed
after storage for 1 month at -20 °C, therefore it was prepared freshly before use and

used in the following few days.
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4.4.2 The addition reaction of the organocopper(l) acetylide

reagent to b-Garner’s aldehyde

With D-Garner’s aldehyde in hand, the acetylene unit was then inserted using the

stereoselective coupling reaction described by Herold."

Me3Si

H _O . % OH
(i)
B i
BocN + TMS———WMgBr BocN

syn:anti 20:1
87 111 88

Scheme 4.17. Reagents and conditions: (i) Cul, Me,S, THF (70 %).

The reagent in this procedure is an organocopper(1) acetylide 109. This was prepared
in two steps from ethynyltrimethylsilane 110 where the terminus of the acetylene was
protected using a trimethylsilane moiety. Silane 110 was added to a solution of
EtMgBr in THF and the mixture was refluxed for 2 h to pre-prepare a solution of the
Gringard reagent 111. This was then treated with Cul/Me,S in THF to give the

organocopper (1) reagent 109.

(i) (i)
H———SiMe; - = BrMg—=—=—SiMe, - . Cu——=——SiMe;

110 111 109

Scheme 4.18. Reagents and conditions: (i) EtMgBr, THF, reflux (ii) Cul, Me,S, -30 °C.

A THEF solution of b-Garner’s aldehyde was then added slowly into the organometallic

reagent at -78 °C, and then the reaction was left to proceed at -30 °C for 30 mins. After
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work-up, the aldol addition product 88 was obtained in 70 % yield after column
chromatography. The minor diastereoisomer usually formed at around S % (by 'H-
NMR), but was readily separated during the chromatography step, resulting in

purification of the aldol product 88 as a single diastereoisomer.

The success of this reaction is very dependent upon a good preparation of the
organometallic reagent 109. In particular, the complete solvation of the Cul in
Me,S/THF was critical for good diastereoselectivity. This could be achieved by
stirring the white powder in a large excess of Me,S/THF at room temperature until a
clear pale green solution was obtained, before cooling the mixture for the addition of
the Grignard reagent. When the reaction was carried out by addition of Cul to the
reaction at -30 °C, a poor diastereoselectivity was obtained and most of the Cul

remained insoluble in the mixture.
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4.4.2.1 Using Carreira’s reaction for the aldol reaction

The Carreira alkynylation was explored in order to simplify this protocol. Carreira’s
reaction is an asymmetric aldol reaction that couples an aldehyde with acetylenes
directly with zinc triflate as a catalyst and using N-methylephedrine as a chiral

auxiliary. It has been widely used for the asymmetric preparation of chiral propargyl

alcohols.?>?°
H——R,
R
Zn(OTf), N
j\ (-)-N-methylephedrine \(OH
H R‘l > R1
20°C ee up to 99 %

Scheme 4.19. General reaction scheme of the Carreria asymmetric alkynylation.*” 26

Success by this approach would allow for the direct coupling of D-Garner’s aldehyde to
ethynyltrimethylsilane, without the need to pre-prepare the organometallic reagents.
Furthermore the enantioselectivity (diastereoselectivity in our case) of this reaction can

be changed by using either the (+)- or the (-)-enantiomer of N-methylephedrine.

Both p-Garner’s aldehyde and the acyclic aldehyde 112 were explored as substrates.
However there was no reaction in either case, even when the reaction was heated to 60 °C

overnight. Starting material was recovered in both cases.

H————SiMe;
H (0] o
Zn(OTf),
BocN or H OTBS (-)-N-methylephedrine
%\o NHBoc - No reaction
Toluene
87 112 20 - 50 °C

Scheme 4.20. Attempted acetylene coupling reactions under Carreira reaction conditions.
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Acyclic aldehyde 112 was prepared as a substrate for this reaction. Aldehyde 112 was

generated from the protected serine 107 as illustrated in Scheme 4.21.

Q (i) o (il Q
MeOJ\K\OH —_ MeO)K‘/\OTBS —_ HJﬁAOTBs
NHBoc NHBoc NHBoc
107 113 112

Scheme 4.21. Reagents and conditions: (i) TBSOTY, pyr (77 %) (ii) DIBAL/toluene (quant.).

The mechanism of the Carreira’s reaction is believed to involve a pre-formed reactive
scaffold of Zn** coordinated to both the acetylene and N-methylephedrine.*® The lack
of reactivity for 87 and 112 may be due to a competition between the substrate
aldehyde and N-methylephedrine 114 for coordination to Zn*, since both of these
compounds have a similar layout of N and O atoms (Fig. 4.4). There are no literature
examples where such amino alcohol containing aldehydes were successful substrates

for this reaction. Therefore this reaction was not further pursued.

H__O Q |
?>_ HJLj/”\OTBs | Me, ~ Ph
N O _NH |
O3 T e
O\T</ |

87 112 114

(-)-N-methylephedrine

Fig 4.4. Comparison of the structure similarities of 87 and 112 with N-methylephedrine.
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4.4.3 Synthesis to -ethynyl-L-serine from the aldol addition

product

The synthesis towards p-ethynylserine 4 is continued from the copper-mediated
acetylene addition to D-Garner’s aldehyde. In order to convert the aldol product 88 to

4, the primary alcohol requires to be oxidised to the free carboxylic acid.

In this synthetic sequence, the original carboxylate group of p-serine was reduced to
an aldehyde which then became the primary alcohol of the product 4; and the original

primary alcohol of D-serine was oxidised to become the carboxylate of 4.

The particular connectivity of serine means that the two functional groups can swap
their oxidation levels and invert the configuration without changing the chemical

identity of the amino acid (Fig. 4.5).

O HO
O
----- THN=—( ------- —o o THNe— -
(@]
HO o
D-serine L-serine

Fig 4.5. Symmetry within the serine molecule.

In order to carry out this oxidation and retaining selectivity, protecting groups are
required on the secondary alcohol and the amino group of 88, but the primary alcohol
needs to be freed from the protecting group.

The protecting groups increase lipophilicity and facilitate reaction work-ups and the
purification of the intermediates. Therefore careful consideration was taken regarding

the selection of protecting groups such that they could be orthogonally manipulated.
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A strategy was taken to first protect the secondary alcohol of 88 generated after
acetylene addition. Then the oxazolidine ring could be opened to expose the free
primary alcohol, which could then be oxidised to a carboxylic acid. Global

deprotection would release the final amino acid 4 (Scheme 4.22).

Me;Si Me;3Si Me,Si
N X deprotect & 39N
SN OH protect 2° OH NP oxidise 1° OH N\ 0P
—_— > e
BocN BocN BocHN o
88
first
deprotection
H H

X d

AN OH secon NV

5: deprotection XOH
"HsN™ "COO BocHN” ~COOH
4

Scheme 4.22. Synthesis strategy for the final steps toward B-ethynylserine 4.
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4.4.3.1 Protection of the secondary alcohol 88
The newly generated secondary hydroxyl group of 88 required to be protected leaving
the primary alcohol exposed for a selective oxidation. A stable protecting group was
required. In addition, a UV-active group was desirable to allow visualisation of

products by TLC.

Initially the use of phenoxyacetate ester 116 was envisaged. The electron-poor bulky
ester has a better stability under acidic conditions than most esters but is easy to
remove with ammonia.”’ Therefore alcohol 88 was treated with phenoxyacetyl chloride

1185 and triethylamine to give ester 116 in 82 % yield and as colourless needles.

OPh
MouSi o) S O
€39l OPh Me3 i
\\ OH CI)K/ % o
115
BocN L BocN
%\o () ﬁLo
88 116

Scheme 4.23. Reagents and conditions: (i) Phenoxyacetyl chloride 1185, Et,N, CH,Cl, (82 %).

An absolute X-ray crystal structure of 116 was obtained confirming its absolute and

relative configuration (Fig. 4.6). The structure had the desired stereochemistry.

Fig 4.6. Single crystal X-ray structure of 116 with an absolute configuration of (2R, 3R)-116.
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To generate amino alcohol 117, ester 116 was treated with 90 % TFA. 'H and “C
NMR indicated that the phenoxyacetate group was intact. This amino alcohol was
then subjected to a Jones oxidation. A single compound was purified which had a new
carbonyl as judged by *C-NMR. It was initially thought that the carboxylic acid 118
was obtained, however upon closer inspection of the 'H-"C HSQC NMR, the
product was in fact ketone 120. This ketone clearly arises from oxidation of the

secondary OH of 119 where the phenoxyacetate ester had migrated onto the primary

alcohol.
OPh o h
o O -
Me;Si e3Si
Xx__o (ii)
()
OPh / HoN COOH
s Oﬁ) HO
€390l
NV
N0 117 118
BocN Me.S
Me3Si €3l
0 (i) X _OH X0
(ii)
116 (a) H2N e H2N
o)
O\[(\OPh (b) N7 oPh
o) o)
119 120

Scheme 4.24. Reagents and conditions: (i) 90 % TFA (aq) (a. 91 %) (ii) CrO,/H,SO, (aq), acetone (b. 84 %).

The migration of the ester probably occurred as a result of the strongly acidic
deprotection conditions with TFA through a six-membered ring transition state (Fig
4.7) and the bulky ester group resting on the more thermodynamically stable primary

position. It was not obvious that the migration had happened by studying the 1D 'H

Me;Si
X > 0Ph

and *C NMR spectra of 119 alone.

Fig 4.7. Phenoxyacetate group migration in 119.
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4.4.3.2 Protection of the secondary alcohol as a TBDPS ether

The ester group migration called for a more acid stable protecting group. For this, the
tert-butyldiphenylsilyl (TBDPS) ether group was chosen. It possesses a very bulky
silyl group but unlike most silyl ethers it is quite stable to strong acids. The typical
procedure for the removal of the TBDPS group involves treatment with KOH in

methanol or HF—pyridine.28

Initially the formation of the TBDPS ether was not very efficient (yields 30-50 %).
Commercially available TBDPSCI was used as the silylating reagent and either
pyridine or imidazole was used as the base. The reaction was rather slow and it was
necessary to use S equivalents of the silyl chloride to force the reaction to completion.

Removal of the side product TBDPSOH proved difficult by chromatography.

Me;Si

\ Megsi
\_OH X LOTBDPS
BocN () BocN
88 121

Scheme 4.25. Reagents and conditions: (i) TBDPSCI (S eq.), imidazole or pyridine (30-50 %).

This problem was overcome by using the more reactive TBDPS triflate 122 as the
silylating reagent. A smooth silylation was achieved using 1.5 equivalents of 122. The

work-up was straightforward, giving the silyl ether in 75 % yield as an oil.

MesSi MesSi
\x_oH X _OTBDPS
(i)
BocN > BocN
88 121

Scheme 4.26. Reagents and conditions: (i) TBDPSOT{ 122 (1.5 eq), Et,N, CH,Cl, (75 %).
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However TBDPSOTT is not commercially available and had to be prepared by a two-
step reaction.”” TBDPSCI 123 was first reacted with phenyllithium to give fert-
butyltriphenylsilane 124 as a white solid. The silane was then reacted with 1 eq. of
triflic acid to generate TBDPSOTf 122 in a DCM solution and this was used

immediately for the silylation of alcohol 88.

O\IIO
~S—CF3
(l)l (i) I?h (ii) (I)
Ph-Si Ph—Si Ph-Si
Ph/ \‘4 R Ph/ \ﬁ —_— Ph/ \ﬁ
L _ notisolated
123 124 122

Scheme 4.27. Reagents and conditions: (i) PhLi, -Bu,O (95 %), (ii) CF,SO;H, CH,CL,.

The TBDPS silyl ether remained intact during the subsequent deprotection with 90 %
TFA. Re-protection of the amino group with Boc,O also proceeded smoothly with

both reactions giving excellent yields.

Me3Si : H
N ; Me;Si . Me;Si
Xxx__oteops () X _OTBDPS (if X _OTBDPS
—_— —_—
BocN H,N BocHN
121 125 126

Scheme 4.28. Reagents and conditions: (i) 90 % TFA (aq) (99 %), (ii) Boc,O, Et,N, CH,Cl, (94
%).
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4.4.3.3 Oxidation of primary alcohol 126 into carboxylic acid
Now with the protecting group manipulation achieved, oxidation of the free primary

alcohol was explored.

The oxidation of alcohol 126 was carried out in acetone with 2.5 equivalents of Jones
reagent’® (CrO, in dilute H,SO,). The reaction went smoothly and complete
conversion was observed after 3 hours at room temperature. At this point, the
appearance of the reaction mixture was observed to change from cloudy to clear with
dark green precipitates.

Me;Si Me;3Si

Xx_OTBDPS ) X _OTBDPS
oH ~— = OH
BocHN BocHN
0
126 127

Scheme 4.29. Reagents and conditions: (i) CrO,/H,SO, (aq), acetone (93 %).

Carboxylic acid 127 was readily purified by chromatography and was obtained in 93 %
as a colourless oil that crystallised on standing. Recrystallisation from hexane/ether

gave 127 as colourless crystalline prisms.

An absolute structure of 127 was obtained by X-ray crystallography, and the absolute
configuration was determined to be (28, 3R) as shown in Figure 4.8. This assignment
is consistent with that based on relative configuration, since the (2S) chiral centre had
originated from D-serine. This crystal structure shows the complete skeleton of p-
ethynyl-L-serine in a protected form and confirmed the desired stereochemistry and

connectivity are in place.
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127

Fig 4.8. Single crystal X-ray structure of 127 with absolute configuration assigned as (25, 3R)-127.
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4.4.3.4 Final deprotection to the free amino acid 4

The deprotection of carboxylic acid 127 had to be carefully planned, because after
protecting group removal, the product is zwitterionic and water-soluble. Any ionic

contaminants will be difficult to remove.

%iOTBDPS
COOH

BocHN

TMS

127

The silyl groups could clearly be removed by either a fluoride source (HF or TBAF)
or strong base (KOH in MeOH). The Boc-group is generally removed by strong acids

such as HCl or TFA.

Removal of both silyl groups was carried out in a single step. Potassium hydroxide was
chosen in favour of a fluoride ion source since a simple work-up could be carried out

using cation exchange (H") resins to neutralise any excess OH" and scavenge K" ion.

Thus carboxylic acid 127 was treated with a methanolic solution of KOH until the
protecting groups were cleaved (by TLC). The mixture was diluted with methanol
and then neutralised with Dowex SOWX4-400 (H" cation exchange resin) and the

resins were filtered off, and the solvents evaporated.

The residues containing 128 were stirred in conc. HCI to remove the last Boc-
protecting group, then the mixture was diluted with water, and washed thoroughly

with ether to remove any organic residues related to silyl group deprotection.
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The aqueous layer containing the amino acid and small excess of hydrochloric acid
was then freeze-dried. This gave P-ethynyl-L-serine hydrochloride as a light yellow
powder. The NMR spectra data (Fig. 4.9, 4.10) matches that reported for this
compound when isolated from S. cattleya.'! A high resolution mass spectra also
confirms the identity of this compound (Figure 4.11). The measured optical rotation
of this synthetic sample of 4 was -69.6° (¢ = 0.05, EtOH). The value reported for a

sample of 4 isolated from S. cattleya was -71.5° (¢ = 1, H,0)."

S H
Xx__OTBDPS (i) X _OH (i) Xx__OH
_— >
COOH -

BocHN BocHN” "COOH HsN" COOH

Me;Si

cr
127 128 4

Scheme 4.30. Reagents and conditions: (i) 1. KOH/MeOH 2. Dowex H resin, (ii) conc. HCI (85-

92 % two steps)

The product proved to be unstable and it decomposed within a few days in storage,
turning into a brown colour. This is consistent with the low titre recovered from

isolation experiments with S. cattleya and S. rolfsii.”>
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Fig 4.11. HRMS (ESI) of B-ethynylserine 4.
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4.5 Using the click reaction as a method to analyse the amino acid

from the fermentation media of S. cattleya

A reaction was developed to specifically identify [-ethynyl-L-serine in the
fermentation media of S. cattleya and to convert it into a more stable compound for
analysis. The free amino acid is prone to decomposition during the isolation
procedures from the fermentation extract, leading to a low recovery. Such a
derivatisation can be useful in later studies of the isotope labelling patterns of this

natural product.

A Hiiisgen 1,3-dipolar cycloaddition reaction,” or ‘Click’ reaction between the alkyne
and an azide would be selective for this compound since any other alkynes are unlikely
to be present in the fermentation extract. This reaction also converts the unstable
acetylenic amino acid into a stable triazole-containing amino acid. Secondly if an UV-

active azide is used, it will allow the amino acid to be detected through UV monitoring

by HPLC or LC-MS.

N<
Xx__OH Click N )
+ R7ON.+ reaction R = OH
“Ns —
COO TN™

+

N *HyN” COOr
unstable stable

acetylenic amino acid triazolic amino acid

Scheme 4.31. Proposed Click reaction to derivatise the acetylenic amino acid for analytical studies.

a-Azido-p-toluic acid 129 was chosen for this task. This azide can be easily prepared
from the commercially available bromocarboxylic acid 130. The carboxylic acid

function has a two-fold purpose. Firstly it can be made water-soluble by forming a salt,
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and secondly it can be attached if desired to other molecules or solid supports by

amide-formation.

a-Azido-p-toluic acid 129 was prepared by refluxing a-bromo-p-toluic acid 130 and
sodium azide in methanol for 2 hours. The azidotoluic acid 129 was obtained as a

stable white solid in excellent yield.

Br N3
(i)
_— >
COOH COOH
130 129

Scheme 4.32. Reagents and conditions: (i) NaN,, MeOH, reflux, 2 h (96 %).
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4.5.1 Click reaction of the synthetic amino acid

At the outset, the click reaction between azide 129 and the synthetic sample of f-
ethynyl-L-serine was explored under standard click reaction conditions (1 mol %
CuSO, and 10 mol % sodium ascorbate in 50 % DMSO). However this was
unsuccessful. Varying the solvents (DMF, EtOH) and increasing catalyst loading did
not result in a successful reaction. It was not clear why the reaction did not take place,

however other catalysts were explored.

An efficient catalyst for the click reaction, tris-(benzyltriazolylmethyl)amine (TBTA)
131 has been reported.”> TBTA coordinates copper(Il) ions and the Cu-TBTA
complex can be reduced by sodium ascorbate to the catalytically active copper(I)
oxidation state. The stabilised Cu(I) species is believed to promote the efficient click
reaction. Such reactions are typically carried out in S0 % aqueous DMSO in which the
Cu-TBTA complex is soluble. In this case, when Cu-TBTA was used as the catalyst,
the click reaction proved successful (Scheme 4.33). The products 132/133 were
identified by MS, but the regioisomers were not separable even by C18-RP column

chromatography (Fig. 4.11).

HOOC

N 131 132 (major)

N./ OH
COOH
.

4 129 HsN” COO"
133 (minor)
Scheme 4.33. Reagents and conditions: CuSO, (0.05 eq.), TBTA 131 (0.05 eq.), sodium ascorbate
(0.1 eq.), DMSO/H,0O (1:1).
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[M+K]*
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Fig 4.11. Mass spectra of the triazole product 132/133 after RP-C18 column chromatography,

showing [M+H]", [M+Na]" and [M+K]".

HPLC conditions (Table 4.2) were optimised for this analysis and the triazole

products 132/133 (m/z [M+H]" = 307) eluted as two peaks, at approximately 14.8

mins and 15.7 mins. They had a weak UV-absorbance peak at 240 nm (Fig 4.12).

Mass analysis of the two peaks demonstrated that the signals were consistent with the

triazole regioisomers (Fig 4.13). An analytical sample of 132 was prepared by a careful

semi-preparative HPLC separation and its 'H-NMR was recorded (Fig. 4.14).
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Table 4.2. HPLC conditions optimised for assay of triazoles 132/133.

Time (mins)

% mobile phase A

(95 % MeCN, 4 % H,0, 1 % formic acid)

% mobile phase B

(5% MeCN, 94 % H,0, 1 % formic acid)

0 (start) 0 100
20 20 80

22 0 100
30 (end) 0 100

Flow Rate = 0.4 ml/min
Column = RP- C18 Kinetex Su XB-C18 100A (Phenomenex) 150mm x 4.60 mm diameter

Jaso'h75ynthetic sample
100+

O/O -

542_
244

16:30:54, 29-May-2013
2: Diode Array

TIC

2.82e8

-0 T 1 T T T T T T T T T T T T T T 1 T T T T T T 1
Jasor| synthetic sample 1-TOEMSESH
15.74 TIC
h = 18.80_ 19.22
180 307 437 | 437 21.96 2284 251e4
% 451 451
1956/ | Il _19.48 22.98
437 278 43
21.66
14.44 349 By
m %] 307 N /481 22583 447
10621126 13.21 5 7
91342 422 257 §
I:'gg? Gap 4B 257 B
_ %57 257
MM
2 T L L O SR | A | T ] R | el Ty T I IR | Fid | 334 T vl LA ) T T T | 2 LR T R | |T|me
0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 2250 25.00 2750 30.00

Fig.4.12 LCMS of the synthetic triazole reaction mixture. The compounds 132/133 eluted at

14.86 and 15.74 mins. Top: UV trace Bottom: Mass ion current trace.
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LCT 29-May-2013
Jason synthetic sample 858 (15.738) Cm (833:878) 1. TOF MS ES+
307.18 7.23e4
100+
%
308.21
245.20
45529
ZL 309.22 365.25
'"‘I""l""l""I""I""I"L‘l'l".!d"I""l""I|""I$'l"I'l""l"f'l"'.
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450

Fig.4.13 The mass spectrum from the peak at time = 15.74 mins from the LCMS experiment,

showing the compounds 132/133 as the major component being eluted with m/z = 307 for the
[M+H]".

3 6 5 4 2 1 H,0 DMSO
ﬂ o w== g :
Iy
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Fig.4.14 'H-NMR of triazole 132 obtained by semi-preparative HPLC seperation.
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4.5.2 Assay for -ethynyl-L-serine produced by S. cattleya

Having developed the HPLC conditions for the detection of the triazole products
132/133, the analysis was carried out on the fermentation media of S. cattleya. From
previous studies, it is known that S. cattleya begins its secondary metabolism after 6
days and then the culture will accumulate B-ethynyl-L-serine to a final concentration
of ca. 0.2 mM after 28 days. It was envisaged that the amino acid could be
concentrated by freeze-drying the supernatant of the culture after 28 days and then

the click reaction could be explored to derivatise the amino acid present.

A defined fermentation medium® was prepared for the optimal growth of S. cattleya
which was supplemented with potassium fluoride (3 mM). The media was sterilised
and the purple spores of S. cattleya were used to innoculate this media in sterile flasks.

The spores were allowed to grow into a mycelial mass at 30 °C shaking at 150 rpm.

The fermentation cultures were worked up after 30 days and the culture was
centrifuged to leave a clear supernatant. The supernatant tested positive for the
production of the two fluorometabolites, fluoroacetate and 4-fluorothreonine by "F-

NMR, indicating a healthy secondary metabolism.

The supernatant (400 ml) was lyophilised to give a pale brown powder (approx. 5 g).
The powder was suspended in 50 % aqueous DMSO (S ml) to form a slurry and a
solution of 4-azidotoluic acid (200 mg) in DMSO (1 ml) was added. A solution of Cu-
TBTA (10 mM, 750 pl) and sodium ascorbate (100 mg) was then added and the
mixture was stirred for 16 hours at room temperature. The reaction mixture was then

analysed by LC-MS, using the synthetic sample of 132/133 as a reference.
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The click reaction mixture carried out with the 30-day extract had two peaks with m/z
= 307. They eluted with similar retention times (+/- 0.2 mins) to the reference
samples of 132/133 (Fig. 4.15). The mass ion current trace was clear but the UV-
absorption was relatively weak. Mass spectra of the two peaks showed masses
corresponding to 132/133 (Fig. 4.16). Control experiments omitting one of the two
reactants (p-ethynylserine or a-azido-p-toluic acid) were also conducted and in each

case, the two peaks belonging to 132/133 were absent in these mixtures (Fig. 4.17).

17:02:07, 29-May-2013

Jason 30 d extract 2: Diode Array

: 537_ TIC
100 2517\, 24168
| T
/ \
[
% [
o | 16.03
| \ 244 20.23 2297
/ \\\ J’\ 2Q 240
a 1 f A
| % A A N
S )
f e L
f ﬁ\*—\—.._
-0 L9015 1% ] L2125 558 7 20 2. BT 1 A P2 A S 2. L T R R DL R .21 20 2 R 2 S P A ) R L L B B2 L2 B e e |
Jason 30 d extract 1. TOF MS ES+
15.52 TIC
- 4 .1557
10 207 2.08e4
18.36 240 328 XY
%o 14.12 2014 415 477 293
o 2552
307 37 473
0.02 7
257 13.65
7.6 =
299 367 194
267 227
0 T T T T T

T T T T T T y Time
2250 25.00 2750 30.00

0.00 250 500 750 1000 @ 1250 = 1500 @ 1750 = 20.00

Fig.4.15 LC-MS of the 30 days extract click reaction mixture. The compounds 132/133 eluted at

14.84 and 15.52 mins. Top: UV trace Bottom: Mass ion current trace.
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LCT 29-May-2013
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Fig.

4.16 Mass spectra at retention time = 15.5 mins of the 30 days supernatant reaction. The

triazoles 132/133 with m/z = 307 is the major component eluting at this time.
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4.17 Mass ion current traces. From top to bottom: 1. Control experiment without

ethynylserine. 2. Control experiment without a-azido-p-toluic acid. 3. Click reaction with synthetic

ethynylserine 4. Click reaction with 30 days supernatant reaction.
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The click reaction method has proven to be a useful protocol for the detection of p-
ethynyl-L-serine 4 from extracts of S. cattleya. The conversion of 4 into more stable
triazoles 132/133 circumvents degradation of the acetylenic amino acid during work-
up. All of the atoms of 4 are conserved in derivatisation to 132/133, and therefore
incorporation of isotopic labels (eg. *C, *H, ""N) from biosynthetic feeding
experiments should be apparent from LC-MS analyses. The protocol is relatively
simple to perform and all of the required reagents are easy to prepare or are

commercially available.
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4.6 Conclusion

In conclusion, a total synthesis of B-ethynyl-L-serine 4 has been accomplished from D-
serine methyl ester via D-Garner’s aldehyde.
D-Garner’s aldehyde 87 was prepared from D-serine methyl ester 106 in 3 steps with

an overall yield of 48 — 75 % (Scheme 4.34).

Acetone H__O
MeO. -0 Boc,O MeO. O Dimethoxypropane MeO.__O DIBAL
* BocN
H3N EtsN BocHN BF3.0Et, BocN Toluene
cFf OH CH,Cl OH 400 %\o 789G %\o
83-96% 63-85%
106 92% 107 ° 108 o 87

Scheme 4.34. Synthesis of D-Garner’s aldehyde 87 from 106.

B-Ethynyl-L-serine hydrochloride 4 was prepared from D-Garner’s aldehyde in 7 steps
with an overall yield of 42 % (Scheme 4.35).

HO  TMS—— MgBr MesSi TBDPSOTf (1.56qV)  Me,Si

X LOH 122 X __OTBDPS
BocN Cul Et;N
B —
BocN e BocN
/FO Me,S, THF ¢
%o 75 % o
70 %
87 88 121
: Boc,O i i
Me,Si 2 Me;Si Jones MesSi
90% TFA X _oTeDPs  EtN X __OTBDPS  reagent X _OTBDPS
JE— . —_— >
DCM acetone OH
o HoN BocHN BocHN
99 % OH 94.% OH 93 % o
127
125 126

H

NN HCI (conc), NN
1. KOH/MeOH N OH then freeze-dry N OH
e -
2. (SO H"  BocHN” "COOH *HyN” "COOH

(Dowex H*) 85-92 % cr
128 two steps 4

Scheme 4.35. Synthesis of p-ethynyl-L-serine 4 from 87.



196

This is the first reported synthesis of the single enantiomer of the free amino acid of p-
ethynyl-L-serine 4. The first synthesis of rac-4 and its diastereoisomers as a mixture by
Potgieter et al. was a very simple coupling reaction but there was no control of
stereochemistry and the yield was low (12 %, mixture of 4 stereoisomers).” The
synthesis of Fmoc and tert-butyl ether protected p-ethynyl-L-serine 86 for Fmoc-based
peptide synthesis by Zhang and van der Donk was stereoselective and was achieved in
excellent yield (62 % in 8 steps).” The success of their synthesis was largely due to the

careful choice and placement of protecting groups.

Our synthesis and Zhang’s synthesis chose the TBDPS silyl ether protecting group for
its stability to acids, and this was crucial to the success of both syntheses. In our
synthesis, the TBDPS group was installed on the secondary alcohol prior to an acid
deprotection of the N-Boc and oxazolidine groups. Zhang and van der Donk installed
it on the primary alcohol, to allow an acid-catalysed addition of isobutylene to the
alcohol. Installation of the bulky TBDPS group on the secondary alcohol is less
efficient than on the primary alcohol. While their synthesis to the protected amino
acid had eight steps from D-Garner’s aldehyde, our route was optimised for delivery of

the free amino acid in seven steps.

A UV-active azide a-azido-p-toluic acid 129 was prepared for a click reaction with 4.
The click reaction proved to be efficient using Cu-TBTA and ascorbate catalysts,
generating two regioisomeric triazoles 132/133 (Ratio approx. 3 : 2 by LC-MS)
(Scheme 4.36).
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HOOC

°N
1
§\/N
N-
NgN N N/ \N
.j_/ _>:\ —__OH
N . Ph
N~ *HyNT COO

TBTA (cat.)
N3 131

\\BTOH
+ CuSOy (cat.)
*HaN" " COO" — N-N coon
sodium ascorbate N — OH
COOH DMSO/H,0
+ COO”

4 129 H3N

132  (major)

133 (minor)

Scheme 4.36. Click reaction for the assay of ethynylserine.

A LC-MS procedure was developed to detect the triazoles 132/133 from the
fermentation culture. This protocol can reasonably be applicable for later studies on

the biosynthetic origin of this acetylenic amino acid 4 from the soil bacteria S. cattleya.
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5. Experimental Section

5.1 Chemical Synthesis
5.1.1 General Methods

Reagents were obtained from commercial sources (Acros Organic, Sigma Aldrich)
and used without further purification. DCM, THF, toluene and ether were dried by
passing through two purification columns in a MBRAUN SPS-800 Solvents
Purification System. Anhydrous DMF, DMSO, pyridine were obtained from
commercial sources. All reactions were performed under positive pressure of dry N, or

argon using oven-dried or flame-dried glassware unless otherwise stated.

Reactions were monitored by TLC carried out on pre-coated plastic-backed silica gel
plates (Machery-Nagel Polygram® SIL G/UV254) and visualised under UV light (254
nm) or by staining (KMnO,). Flash column chromatography was carried out using

Silica Gel 60 (0.040-0.063 mm).

'H and "*C NMR spectra were recorded at 298 K on a Bruker Avance 300 MHz or 400
MHz spectrometer and calibrated to the solvent proton/carbon signals. Chemical
shifts are reported in ppm (8), multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, br = broad signal), coupling constants in Hz and integration. Assignments

were based on both one- and two-dimensional experiments (COSY, HSQC).

Electrospray Ionisation Mass Spectrometry analyses were performed on a Micromass
LCT-TOF mass spectrometer. Infrared (IR) Spectra were recorded on a Perkin-
Elmer Paragon series 1000FTIR spectrometer. HRMS were recorded by electrospray

ionisation at the Mass Spectrometry Unit of the University of St Andrews.
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Optical rotation determination was performed using a Perkin Elmer Model 341

polarimeter, at 589 nm and given in 10" deg.cm®.g"'. Melting points were uncorrected.

Single crystal X-ray diffraction analyses were carried out by Prof. A. M. Z. Slawin.

Measurements were made on a Rigaku Saturn70 diffractometer with Cu-Ka radiation.
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5.1.2 Compounds preparation and characterisation

NH,
NN
2
s
0

TBSO OH

TBSO

3’,5’-Bis-0,0-(tert-butyldimethylsilyl)adenosine 68

TBDMSCI (3.72 g, 24.7 mmol) was added to a stirred solution of adenosine (3.0 g,
11.2 mmol) and imidazole (3.36 g, 49.4 mmol) in dry DMF (25 ml) at r.t,, and the
mixture was stirred at r.t. for 14 h. The mixture was then poured into brine (250 ml).
The mixture was extracted into DCM (3 x 150 ml). The organic extracts were
combined, dried (MgSO,), filtered and the solvents were removed in vacuo at 70 °C.
The mixture was separated by silica gel flash column chromatography, eluting with
hexane : ethyl acetate : i-PrOH (5.6:4.0:0.4). The 2’,3°,5’-tris-O-silylated compound
eluted first, followed by the 2°,5’-bis-O-silylated isomer, then fractions containing both
the 2’,5"-bis-O-silylated isomer and the desired 3’,5’-bis-O-silylated product 68 and
followed by fractions containing pure 68. The mixture containing the 2’,5’-bis-O-
silylated isomer and 68 was re-applied onto a second silica gel column. Fractions
containing 68 as a single component were combined and evaporated in vacuo to give

the title compound as a white solid (3.29 g, 25 %).

m.p. 193-194 °C, R, = 0.23 (hexane : EtOAc : i-PrOH, 5.6 : 4.0 : 0.4); [a]*° -35.5° (¢
= 0.5, CHCL,); '"H-NMR (400 MHz, CDCl,) J,; 8.34 (s, 1H, H-8), 8.10 (s, 1H, H-2),
6.04 (d, ] = 4.3 Hz, 1H,H-1°), 5.92 (br, s, 2H, NH,), 4.13 (brs, 2H, H-2" and 3°), 3.93
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(dd, J = 3.5, 11.4 Hz, 1H, H-5’), 3.77 (dd, ] = 2.9, 11.4 Hz, 1H, H-5"), 3.43 (br, 1H,
OH), 0.95 (s, 9H, §’-SiC(CH,),), 0.90 (s, 9H, 3’- SiC(CH,),), 0.17 (s, 6H, 2 x §’-
SiCH,), 0.09 & 0.07 (s & s, 6H, 2 x 3’-SiCH,); *C-NMR (75 MHz, CDCL,) 6. 160.0
(C-6),153.4 (C-2),150.1 (C-4), 139.5 (C-8), 120.2 (C-5), 89.2 (C-1"), 85.9 (C-4"),
75.6 (C-3°), 72.1 (C-2"), 62.8 (C-5’), 26.3, 26.2 (2 x (CH,),C), 18.8, 18.5 (2 x
(CH,),C), -4.2, -4.4, -5.0, -5.1 (4 x CH,Si); IR (nujol mull) v__/cm™ 3432, 3329,
3216,2903, 1636, 1600, 1584, 1465; ES-MS m/z 496.19 [M+H]*, 518.21 [M+Na]".

These data are in accordance with the literature. !
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NH,
N AN N
<)

TBSO NT SN
0

TBSO o

9-[3,5-Bis-0,0-(tert-butyldimethylsilyl)-B-D-erythro-pentofuran-2-ulosyl]adenine
69

Anhydrous pyridine (0.25 ml, 3 mmol) was added to a stirred suspension of finely
divided chromium trioxide (151 mg, 1.51 mmol) in DCM (10 ml) at 0 °C, followed
by acetic anhydride (0.143 ml, 1.51 mmol). The mixture was stirred at 0 °C for 20
mins, after which a solution of 68 (375 mg, 0.76 mmol) in DCM (30 ml) was added.
The mixture was stirred at 0 °C for 20 mins and then at r.t. for 5 h.

The mixture was then diluted with ethyl acetate (200 ml) and filtered through a pad of
celite (4 cm). The celite pad was washed with ethyl acetate (20 ml) and the filtrates
were concentrated in vacuo. The residues were purified by flash chromatography
through a short silica column, firstly washing with hexane:ethyl acetate 1 : 1 (100 ml)
followed by elution with ethyl acetate. 69 was co-eluted with some unreacted 68.
Therefore the mixture was treated again under the same oxidation procedures (CrO,
(75 mg), pyridine (0.123 ml) and Ac,0 (0.07 ml)) and purification protocols to

obtain complete conversion, giving 69 as a yellow oil (280 mg, 75 %).

'H-NMR (400 MHz, CDCL,) 8 8.02 (s, 1H, H-8), 7.65 (s, 1H, H-2), 6.03 (br s, 2H,
NH,), 5.62 (s, 1H, H-1"), 4.98 (d, 1H, ] = 9.0 Hz, H-3"), 3.99 (ddd, 1H, J=3.0Hz, 3.1
Hz, 9.0 Hz, H-4"), 3.85(dd, 1H, J = 3.1 Hz, 11.2 Hz, H-5"), 3.72 (dd, 1H, ] = 3.0 Hz,
11.2 Hz, H-5’), 0.75 (s, 9H, §’-SiC(CH,),), 0.63 (s, 9H, 3’-SiC(CH,),), 0.04 & 0.00
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(s & s, 6H,2x 5"-SiCH,), -0.17 & -0.27 (s & s, 6H, 2 x 3*-SiCH,); ES-MS m/z 494.20
[M+H]Y, 516.13 [M+Na]".

These data are in accordance with the literature.
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NH,
N ~ N
ST
N ~
oD N

TBSO OH

HO

3’-O-tert-Butyldimethylsilyl-[2’-H Jadenosine 71

90 % Aqueous TFA (S ml) was added to 69 (311 mg, 0.63 mmol) at 0 °C and the
mixture was allowed to stir at 0 °C for 1 hour. The reaction was quenched by the slow
addition of ice-cold saturated NaHCO; solution until tested neutral to blue litmus
paper. The mixture was extracted with ethyl acetate (2 x 100 ml), the organic extracts
were combined, washed with water (50 ml) and brine (50 ml), dried (MgSO,),

filtered and evaporated in vacuo to give crude 70 as a white solid (230 mg, 96 %).

The product containing 70 was immediately added a solution of sodium
triacetoxyborodeuteride (4.78 mmol), prepared immediately prior to use by the
addition of sodium borodeuteride (200 mg, 4.78 mmol) to a solution of glacial acetic
acid (18.4 ml) in ethyl acetate (50 ml) at 0 °C, and stirring for 30 mins. The reaction
mixture was stirred at r.t. for 1.5 hours, after which it was concentrated in vacuo. The
residues were neutralised with saturated aqueous sodium bicarbonate solution (ca.
200 ml) and then extracted with ethyl acetate (100 ml x 2). The organic extracts were
combined, dried (MgSO,), filtered and evaporated in vacuo to afford 71 as off-white

crystals (204 mg, 88 %).

'"H-NMR (400 MHz, CD,0D) 8 8.25 (s, 1H, H-8), 8.13 (s, 1H, H-2), 5.91 (s, 1H,

H-1’), 4.40 (d, 1H, ] = 3 Hz, H-3"),4.10 (q, 1H, ] = 3 Hz, H-4’),3.83 (d, 1H, = 3 Hy,
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H-5’),3.80 (d, 1H, J = 3 Hz, H-5’), 0.92 (s, 9H, SiC(CH,),), 0.91 & 0.85 (s & s, 6H, 2
x 3’- SiCH,); *C-NMR (100 MHz, CD,0D) 6. 157.6 (C-6), 153.5 (C-2), 150.1 (C-
4),142.1 (C-8),121.0 (C-5),90.9 (C-1°), 89.1 (C-4"), 74.5 (t, C-2"), 74.4 (C-3’), 63.3
(C-5"),26.4 (C(CH,),), 19.3 (C(CH,),), 4.4 & -4.8 (2 x CH,Si); ES-MS m,/z 383.08
[M+H]*, 405.07 [M+Na]*.

These data are in accordance with the literature.*
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NH,
N BN
N
</N W
HO— 0D N
HO OH

[2’-?H]Adenosine 66

A solution of 73 (158 mg, 0.413 mmol) and ammonium fluoride (80 mg, 2.16 mmol)
in methanol (50 ml) was heated under reflux for 2 hours.

The solvents were then removed in vacuo and the residues were partitioned in
deionised water (100 ml) and ethyl acetate (100 ml). The ethyl acetate layer was
further extracted with deionised water (50 ml). The combined aqueous extracts were
stirred with pre-washed Ambersep 900 OH resin (1 g) for 15 mins, then the solution

was filtered and freeze-dried to give 66 as an off-white powder (110 mg, quant.).

m.p. 230-232 °C; [a,]* -54.8° (¢ = 0.2, H,0); '"H-NMR (400 MHz, DMSO-d,) &,
8.38 (s, 1H,H-8), 8.17 (s, 1H, H-2), 7.38 (brs, 2H,NH,), 5.91 (s, 1H, H-1"), 5.46 (br
s, 2H, OH), 5.22 (brs, 1H, OH), 4.17 (d, 1H, ] = 3 Hz, H-3’), 3.99 (q, 1H, ] = 3 Hg,
H-4’),3.71 (dd, 1H, ] = 3 Hz, 12 Hz, H-5"), 3.58 (d, 1H, ] =12 Hz, H-5’); "C-NMR
(100 MHz, DMSO-d,) 8. 156.1 (C-6), 152.3 (C-2), 149.0 (C-4), 139.9 (C-8), 119.3
(C-5), 87.8 (C-1°), 85.9 (C-4’), 73.6 (t, C-2"), 70.6 (C-3’), 61.6 (C-5’); ES-MS m/z
269.10 [M+H], 291.08 [M+Na]*; HRMS (calculated for [M+H]* C,,H,;DN.O, =

269.1103) found 269.1099. These data are in accordance with the literature.”
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CO,H

N-Benzyl L-proline hydrochloride 99

L-Proline (17.3 g, 0.15 mol) and potassium hydroxide pellets (25.4 g, 0.45 mol) were
added to isopropanol (100 ml) and the mixture was stirred at 40 °C until the solid had
dissolved. Then benzyl chloride (18.9 ml, 0.16 mol) was added slowly via a dropping
funnel over 2 h while the temperature of the reaction was maintained at 40-50 °C. The

mixture was stirred overnight at 40 °C.

The mixture was cooled in an ice-bath, and the pH was adjusted to 6 with conc. HCL
Chloroform (40 ml) was added and the mixture was stirred for 2 h at r.t., then the
mixture was filtered to remove precipitated KCl and the residues were washed with
CHCI, (20 ml). The combined filtrate was evaporated in vacuo to a viscous brown oil.
To this oil was added acetone (500 ml) and the mixture was stirred for 10 mins, which
produced a white precipitate. The precipitate was collected by filtration, washed with
acetone (100 ml) and dried in vacuo over CaCl, to give 99 as an off-white solid (19.4

g, mixture of the free amino acid and HCl salt, 63 % based on the free amino acid).

m.p. 178-179 °C; [a,]*° -27.4° (¢ = 1, EtOH); '"H NMR (400 MHz, CDCL,) §; 8.09
(br, 1H, COOH), 7.49-7.46 (m, 2H, ArH), 7.37-7.35 (m, 3H, ArH), 4.36 (q, 2H, ] =
13.0 Hz, PhCH,), 3.92-3.87 (m, 1H, NCH,), 3.76-3.68 (m, 1H, NCH,), 3.03-2.94
(m, 1H, NCH), 2.38-2.19 (m, 2H, CH,), 2.07-1.88 (m, 2H, CH,); *C NMR (125
MHz, CDCL,) §. 171.0 (COOH), 130.7 (2 x CH, Ph), 130.4 (C, Ph), 129.5 (CH,
Ph), 129.1 (2 x CH, Ph), 67.0 (CH, C-1), 57.4 (CH,, C-5), 53.2 (CH,, C-4), 28.7
(CH,, C-2),22.6 (CH,, C-3). ES-MS m/z 206.23 [M+H]*,228.22 [M+Na]".
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(S)-2-[N-(N'-Benzylprolyl)amino]-benzophenone hydrochloride 96

A solution of N-benzyl L-proline (2.05 g, 10 mmol) and N-methylimidazole (2.75 ml,
34 mmol) in CH,Cl, (50 ml) was cooled to 0 °C. Methanesulfonyl chloride (1 ml, 10
mmol) was added dropwise over 10 mins and the mixture was stirred for 10 mins.
Then o-aminobenzophenone (1.78 g, 9 mmol) was added in one portion and the

mixture was heated to 45 °C and stirred for 16 h under reflux.

The mixture was diluted with CH,Cl, (100 ml) and poured into sat. NH,Cl solution
(100 ml). The organic layer was collected, dried (Na,SO,) and the solvents were
removed in vacuo. The residues were dissolved in acetone (25 ml) and conc. HCI
(1.66 ml, 20 mmol) was added. The mixture was left to stand at 4 °C overnight and the
crystalline product was collected by filtration, washed with ice-cold acetone (10 ml)

and dried over CaCl, in vacuo. 96 was obtained as light-yellow crystals (3.03 g, 88 %).

m.p. 101-102 °C; [ap]* -131.2° (¢ = 0.5, CHCL,); 'H NMR (400 MHz, CD,0D) &y
7.79-7.76 (m, 2H, ArH), 7.67-7.57 (m, 2H, ArH), 7.53-7.46 (m, SH, ArH), 7.41-7.37
(m, 4H, ArH), 4.35-4.32 (m, 2H, PhCH,), 3.61-3.58 (m, 1H, NCH), 3.34-3.31 (m, 2H,
CH,), 2.47-2.37 (m, 1H, CH,), 2.21-2.08 (m, 1H, CH, ), 1.95-1.79 (m, 1H, CH,), 1.67-
1.55 (m, 1H, CH,); *C NMR (125 MHz, CD,0D) §. 197.7(C=0, ketone), 167.4
(C=0, amide), 138.7 (C, Ar), 136.1 (C, Ar), 134.5 (CH, Ar), 133.3 (CH, Ar), 132.2 (2
x CH, Ar), 131.7 (CH, Ar), 131.4 (2 x CH, Ar), 131.3 (2x C, Ar), 130.4 (2 x CH, Ar),
129.7 (2x CH, Ar), 127.1 (CH, Ar), 125.8 (CH, Ar), 68.2 (CH, C-1), 59.4 (CH,, C-5),
56.0 (CH,, C-4), 29.7(CH,, C-2), 23.9 (CH,, C-3); ES-MS m/z 385.39 [M+H]",

407.41 [M+Na]*. These data are in accordance with the literature.?
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Ph
Phe No o [ 1
6] Ni<N
N/ 54 2
3
0 H

Ni(II)-complex of glycine Schiff base with (S)-2-[N-(N'-benzoylprolyl)amino]-
benzophenone 97

Ni-(S)-BPB-Gly

To a stirred solution of 96 (2.53 g, 6 mmol), glycine (2.25 g, 30 mmol) and nickel(II)
nitrate hexahydrate (3.49 g, 12 mmol) in methanol (30 ml) at 50 °C was added a
solution of sodium hydroxide (1.92 g, 48 mmol) in methanol (15 ml). The mixture
was stirred at S0 °C for 45 mins, then glacial acetic acid (2.7 ml) was added in one
portion, and at once ice-cold water (S0 ml) was added to the mixture. When the
mixture began to separate, a few small crystals of 97 were added as seeds to initiate
crystallisationt. The mixture was then left to stand to allow crystallisation to complete
and the product was collected by filtration with a Biinchner funnel, washed with water
and dried over CaCl, in vacuo to afford 97 as a bright-red crystalline powder (2.5 g, 84
%).

m.p. 207-209 °C; '"H NMR (400 MHz, CD,OD) §,, 8.31-8.30 (m, 2H, ArH), 7.93-
7.90 (m, 1H, ArH), 7.52-7.43 (m, 3H, ArH), 7.38-7.32 (m, 2H, ArH), 7.21-7.02 (m,
4H, ArH), 6.70-6.59 (m, 2H, ArH), 4.12 (d, ] = 12.4 Hz, 1H, NCH), 3.70 (dd, ] =
20.1, 66.4 Hz, 2H, CH,), 3.51-3.44 (m, 2H, CH,), 3.25 (s, 2H, CH,), 2.53-2.31 (m,
2H, CH,), 2.20-2.01 (m, 2H, CH,); “C NMR (125 MHz, CD,0OD) § 183.7 (C=0,
C-8), 180.8 (C=0, C-5), 173.6 (C=N, C-6), 143.3 (C, Ar), 136.5 (C, Ar), 135.3 (C,
Ar), 134.3 (CH, Ar), 133.0 (2x CH, Ar), 131.0 (t,] =29 Hz,2x CH, Ar), 130.2 (t, ] =
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29 Hz, 2 x CH, Ar), 130.2 (CH, Ar), 128.0 (CH, Ar), 127.3 (CH, Ar), 127.1 (C, Ar),
125.7 (2x CH, Ar), 122.4 (2x CH, Ar), 72.3 (CH, C-4), 65.2 (CH,, C-9), 62.2 (CH,,
C-7), 59.7 (CH,, C-1), 55.5 (C, C-3), 32.0 (CH,, C-3), 24.8 (CH,, C-2); ES-MS m/z
498.42 [M+H]*, 520.40 [M+Na]*.

These data are in accordance with the literature.?

+When crystals of 97 were not available this procedure was adopted. After the addition of water, the
aqueous layer was decanted and the red gum was washed with water (20 ml x 3) by decantation, and
then dissolved in methanol (20 ml). The methanol solution was poured into a crystallisation basin

and the solvents were allowed to evaporate slowly overnight. This gave 97 as red plates.
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(2R)-2-tert-Butoxycarbonylamino-3-hydroxypropionic acid methyl ester 107

Boc,O (14.0 g, 13.8 ml, 64.3 mmol, 1 eq.) was added to a solution of D-serine ester
HCI(10.0 g, 64.3 mmol, 1 eq.) and triethylamine (26.8 ml, 193 mmol, 3 eq.) in DCM
(80 ml). The mixture was stirred at r.t. overnight, then it was diluted with DCM (60
ml), and washed with NaHSO, (1 M, 50 ml x 2), sat. NaHCO, (100 ml) and brine
(100 ml). The organic extracts were dried (MgSO,), filtered and concentrated in

vacuo to afford 107 as a colourless 0il (13.0 g, 92 %).

[ap ] -12.0° (¢ = 1, CHCL,); 'H NMR (400 MHz, CDCl,) §;;3.93 & 3.90 (d & d, ] =
3.5 Hz, 1H, O=CCH, tautomers), 3.81 & 3.79 (d & d, ] = 3.6 Hz, 2H, OCH,,
tautomers), 3.73 (s, 3H, OCH,), 1.40 (s, 9H, 3 x CH,); “C NMR (125 MHz, CDCl,)
8. 171.4 (C=0, ester), 155.7 (C=0, Boc), 80.0 (C, Boc), 62.9 (CH,, C-1), 55.6 (CH,
C-2),52.4 (CH,, MeO), 28.1 (3x CH,, Boc); ES-MS m/z242.07 [M+Na]".

These data were in accordance with the literature.*
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(3R)-3-tert-Butyl-4-methyl-2,2-dimethyloxazolidine-3,4-dicarboxylate 108

107 (2.00 g, 9.12 mmol) was dissolved in freshly distilled acetone (70 ml) and freshly
distilled 2,2-dimethoxypropane (20 ml). The mixture was cooled to 0 °C and boron
trifluoride etherate (40 pl) was added to the mixture. The mixture was stirred at 4 °C

for 24 hours or until TLC indicated a complete conversion.

Then the solvents were removed in vacuo, the residues were dissolved in DCM (60
ml), washed with NaHCO, (50 ml x 2) and brine (50 ml), dried (MgSO,), filtered
and evaporated to give the crude product as a viscous oil. The oil was purified by silica
gel column chromatography, eluting with hexane: ethyl acetate (8 : 2) to give 108 as a

colourless viscous oil (2.28 g, 96 %).

R;0.36 (hexane : ethyl acetate 4:1); [a]* +55.3° (¢ = 1, CHCL,); '"H NMR (400 MHz,
CDCL,) §;; 4.48-4.45 & 4.37-4.34 (m & m, 1H, O=CCH, rotamers), 4.16-4.08 & 4.04-
3.98 (m & m, 2H, OCH,, rotamers), 3.73 (s, 3H, OCH,), 1.65 & 1.61 (s & s, 3H, CH,
rotamers), 1.51 & 1.47 (s & s, 3H, CH, rotamers), 1.47 & 1.39 (s & s, 9H, 3 x CH,
rotamers); °C NMR (125 MHz, CDCl,) §. 171.6 & 171.2 (C=O, ester, rotamers),
152.0 & 151.1 (C=0, Boc, rotamers), 95.0 & 94.3 (C, C-4, rotamers), 80.8 & 80.2 (C,
Bocg, rotamers), 66.2 & 65.9 (CH, C-2, rotamers), 59.2 & 59.1 (CH,, C-1, rotamers), 52.3
& 52.2 (CH,, MeO, rotamers), 28.3 & 28.2 (3 x CH,, Boc, rotamers) ; 25.9 & 25.1 (CH,,
C-S, rotamers), 24.9 & 24.3 (CH,, C-5’, rotamers) ES-MS m/z 282.12 [M+Na]". These

data were in accordance with the literature.*
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(4R)-4-Formyl-2,2-dimethyloxazolidine-3-carboxylic acid tert-butyl ester 87
(D-Garner’s aldehyde)

Ester 108 (2.1 g, 8.1 mmol) was dissolved in dry toluene (40 ml) and the solution was
cooled to -78 °C. Then DIBAL (25 % in toluene, 8.1 ml, 12.1 mmol) was added slowly
via syringe to the stirred solution. The mixture was stirred at -78 °C for 2 h, then
methanol (5 ml) was added slowly to quench the reaction while keeping the reaction

temperature below -50 °C.

The mixture was allowed to warm to room temperature and potassium sodium
tartrate 36 % solution (50 ml) was added and stirred vigorously for 30 mins until the
cloudy mixture became clear.

The mixture was diluted with ether (50 ml) and the aqueous layer was separated and
extracted with ether (50 ml). The combined organic extracts were dried (MgSO,),

filtered and evaporated.

The residues were purified by column chromatography, eluting with hexane: ethyl

acetate (4:1), to give 87 as a colourless oil (1.2 g).

R, 0.38 (hexane : ethyl acetate 4:1); [a,]* +79.1° (c = 1, CHCL,); '"H NMR (400

MHz, CDCL,) §;;9.56 & 9.50 (d & d, 1H, CHO, rotamers), 4.31-4.29 & 4.17-4.14 (m
& m, 1H, O=CCH, rotamers), 4.06 & 4.04 (s & s, 2H, OCH,, rotamers), 1.60 & 1.56
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(s & s, 3H, CH, rotamers), 1.51 & 1.45 (s & s, 3H, CH, rotamers), 1.47 & 1.39 (s & s,
9H, 3 x CH, rotamers); "C NMR (125 MHz, CDCl,) §. 199.3 & 199.2 (CHO,
rotamers), 152.5 & 152.2 (C=0, Boc, rotamers), 94.9 & 94.2 (C, C-4, rotamers), 81.2
& 80.9 (C, Boc, rotamers), 64.7 & 64.6 (CH, C-2, rotamers), 63.8 & 63.3 (CH,, C-1,
rotamers), 28.1 (3 x CH,, Boc); 26.6 & 25.7 (CH,, C-S, rotamers), 24.6 & 23.7 (CH,,

C-S, rotamers); ES-MS m/z 230.13 [M+H]*, 252.13 [M+Na]*. These data were in

accordance with the literature.”
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(4R)-4-((1R)-1-Hydroxy-3-trimethylsilanyl-prop-2-ynyl)-2,2-dimethyl-

oxazolidine-3-carboxylic acid tert-butyl ester 88

Ethylmagnesium bromide (1M in THF, 30.2 ml, 30.2 mmol, 1.5 eq.) was added to a
solution of ethynyltrimethylsilane (4.55 ml, 32.2 mmol, 1.6 eq.) in dry THF (50 ml)

at 0 °C. The mixture was then heated under reflux for 2 h.

In a separate flask, copper(1) iodide (8.38 g, 44 mmol, 2.2 eq.) was dissolved in a
mixture of dimethyl sulfide (25 ml) and dry THF (60 ml) at r.t., when the solid have
all dissolved the solution was cooled to -78 °C. The Grignard reagent prepared above
was slowly cannulated into the copper iodide solution at -78 °C, after the addition, the

mixture was allowed to warm to -30 °C and stirred at that temperature for 30 mins.

The mixture was then cooled back to -78 °C, and a solution of D-Garner’s aldehyde 87
(5.30 g,20.1 mmol, 1 eq.) in dry THF (20 ml) was added dropwise. The mixture was
stirred at -78 °C for a further 15 mins, then allowed to warm to r.t. and stirred

overnight.

The mixture was diluted with ether (120 ml) and quenched with saturated NH,Cl
solution (200 ml). The aqueous layer was separated and extracted with ether (50 ml).

The combined ether extracts were washed with sat. NH,Cl (50 m1x2), 0.5 M HCI (50
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ml), sat. NaHCO, (50 ml) and brine (50 ml), dried (MgSO,), filtered and
concentrated in vacuo.
A slurry was obtained which were applied to a silica gel chromatography column, and

eluted with hexane: ethyl acetate (4 : 1), to give the addition product as a pale oil

(4.61.g,70 %).

R, 0.44 (hexane : ethyl acetate 4:1); [ap]* +42.0° (¢ = 0.5, CHCL,); '"H NMR (400
MHz, CDCl,) §,; 4.67 & 4.66 (s & s, 1H, CHOH, rotamers), 3.96-3.91 & 3.87-3.84
(m & m, 1H, NCH, rotamers), 3.66-3.62 & 3.60-3.56 (m & m, 2H, OCH,, rotamers),
1.34 & 1.33 (s & s, 3H, CH, rotamers), 1.31 & 1.30 (s & s, 3H, CH, rotamers), 1.30
& 1.29 (s & s,9H, 3 x CH, rotamers), 0.01 & 0.00 (s & s, 9H, 3 x SiCH, rotamers);
BC NMR (125 MHz, CDCL,) §. 153.5 (C=0, Boc), 100.7 (C, C-6), 99.7 (=C, C-4),
91.3 (=C, C-5), 79.4 (C, Boc), 64.3 (CH,, C-1), 64.1 (CH, C-2), 47.5 (CH, C-3),
29.3 (2x CH,, C-7); 28.3 (3 x CH,, Boc), -0.29 (3 x SiCH, ); ES-MS m/z 350.16 [M +
Na]*; HRMS (calculated for [M+Na]* C,;H,;NONaSi, = 350.1768) found 350.1767.

These data are in accordance with the literature.’
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(2R)-2-((tert-Butoxycarbonyl)amino)-3-((tert-butyldimethylsilyl)-oxy)propionic

acid methyl ester 113

A solution of N-Boc-D-serine methyl ester 107 (268 mg, 1.22 mmol, 1 eq.) in dry
DCM (10 ml) and pyridine (108 pl, 1.34 mmol, 1.1 eq.), was cooled to 0 °C. tert-
Butyldimethylsilyl trifluoromethanesulfonate (triflate) (355 mg, 309 pl, 1.34 mmol,

1.1 eq.) was added slowly via syringe and the mixture was stirred at r.t. overnight.

The mixture was diluted with DCM (40 ml), washed with 0.1 M HCI (50 ml), sat.
NaHCO, (50 ml), brine (50 ml), dried (MgSO,), filtered and concentrated to give a
colourless oil. The crude product was purified by column chromatography, eluting

with hexane: ethyl acetate (4:1) to give 113 as a colourless o0il (312 mg, 77 %).

R, 0.69 (hexane: ethyl acetate 4:1); [ap]** -9.41° (¢ = 1, CHCL,); 'H NMR (400
MHz, CDCl,) §; 5.36-5.31 (m, 1H, NCH), 4.05-3.73 (m, 2H, CH,), 3.72 (s, 3H,
OCH,), 1.44 (s, 9H, 3 x CH,), 0.85 (s, 9H, 3 x CH,), 0.02 & 0.01 (s & s, 6H, 2 x
SiCH,); “C NMR (125 MHz, CDCL,) §. 171.2 (C=0, ester), 155.4 (C=0, Boc),
79.8 (C, Boc), 63.7 (CH,, C-1), 55.5 (CH, C-2), 52.2 (CH,, MeO), 28.1 (3 x CH,,
Boc), 25.6 (3 x CH,, t-BuSi), 18.1 (C, t-BuSi), -5.6 & -5.7 (2 x SiCH,).

These data are in accordance with the literature.®
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(2R)-tert-Butyl (1-((tert-butyldimethylsilyl) oxy)-3-oxopropan-2-yl)carbamate

112

A solution of ester 113 (240 mg, 0.72 mmo], 1 eq.) in dry toluene (10 ml) was cooled
to -78 °C and DIBAL (25 % w/w in toluene, 0.72 ml, 1.08 mmol, 1.5 eq.) was added

via syringe. Then the mixture was stirred at -78 °C for 2 h.

The reaction was quenched at -78 °C with the slow addition of methanol (2 ml), and
then allowed to warm to r.t. Potassium sodium tartrate solution (36 %, 25 ml) was
added and the mixture was stirred vigorously for 1 h until the cloudy solution became

clear.

The mixture was extracted into ether (30 ml x 3), the organic layers were combined,
dried (MgSO,), filtered and evaporated in vacuo to give a colourless oil (219 mg,

quant.) which was pure by TLC and used without further purification.

R, 0.51 (hexane: ethyl acetate 4:1); [a,]** -18.5° (¢ = 1, CHCL,); 'H NMR (400
MHz, CDCL) 8, 9.65 (s, 1H, CHO), 5.38-5.37 (m, 1H, NCH), 4.26-3.84 (m, 2H,
CH,), 3.74 (s, 3H, OCH,), 1.46 (s, 9H, 3 x CH,), 0.86 (s, 9H, 3 x CH,), 0.05 (s, 6H, 2
x SiCH,).
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(R)-tert-Butyl 2,2-dimethyl-4-((R)-1-(2-phenoxyacetoxy)-3-(trimethylsilyl)

prop-2-yn-1-yl)oxazolidine-3-carboxylate 116

A solution of alcohol 88 (250 mg, 0.76 mmol, 1 eq.) and triethylamine (0.16 ml, 1.15
mmol, 1.5 eq.) in DCM (10 ml) was cooled to 0 °C. Phenoxyacetyl chloride (156 mg,

130 pl, 0.917 mmol, 1.2 eq.) was added to the mixture and stirred overnight.

The mixture was diluted with DCM (50 ml) and quenched with sat. NaHCO, (50
ml). The organic layer was separated and washed with 0.5 M HCI (25 ml), sat.
NaHCO, (50 ml) and brine (50 ml), dried (MgSO,), filtered and the solvents were

removed in vacuo.

The crude residues were applied to a chromatography column, eluting with hexane:
ethyl acetate (9: 1), and collecting the fraction with R; = 0.32 to give 116 as a
colourless viscous o0il (307 mg, 87 %). The oil crystallised slowly into white needles

upon standing,.

m.p. 69-70 °C; R, 0.64 (hexane : ethyl acetate 4 : 1); [ap]** +21.9° (¢ = 0.1, CHCL,);
'"H NMR (400 MHz, CDCl,) §,; 7.14-7.09 (m, 2H, ArH), 6.84-6.81 (m, 1H, ArH),
6.74-6.71 (m, 2H, ArH), 5.82-5.71 (m, 1H, CHOH), 4.48 (s, 2H, O=CCH,), 4.00-

3.90 (m, 1H, NCH), 3.78-3.75 (m, 2H, OCH,), 1.46 (s, 3H, CH,), 1.42 (s, 3H, CH,),
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1.32 & 1.31 (s, 9H, 3 x CH,), 0.00 (s, 9H, 3 x SiCH,); *C NMR (125 MHz, CDCI,)
8. 167.3 (C=0, ester), 157.6 (C, Ph), 152.6 (C=0, Boc), 129.5 (2 x CH, Ph), 121.8
(CH, Ph), 114.5 (2 x CH, Ph), 99.2 & 98.6 (C, C-6, rotamers), 95.0 & 94.5 (=C, C-4
rotamers), 93.3 & 92.5 (=C, C-5, rotamers), 80.8 (C, Boc, rotamers), 65.2 & 64.8
(CH, C-2, rotamers), 65.1 (CH,, C-8), 59.3 & 58.3 (CH, C-3 rotamers), 64.5 (CH,,
C-1),28.3 (3 x CH,, Boc), 26.9 & 25.8 (CH,, C-7, rotamers), 24.7 & 23.6 (CH,, C-7,,
rotamers), -0.45 (3 x SiCH,). HRMS (calculated for [M+Na]* C,,H,,NO,NaSi =

484.2131) found 484.2118.

1A single crystal X-ray structure is available for this compound (Appendix 1)
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(2R)-2-Amino-(3R)-3-hydroxy-5-(trimethylsilyl)pent-4-yn-1-yl

2-phenoxyacetate 119

90 % Trifluoroacetic acid (2 ml) was added to ester 116 (257 mg, 0.56 mmol, 1 eq.)
and the reaction was stirred for 10 mins at r.t.. The mixture was diluted with water (20
ml) and sat. NaHCO, was added slowly until the solution tested neutral to blue litmus
paper and then extracted with ethyl acetate (100 ml). The organic layer was separated,
washed with brine (50 ml), dried (Na,SO,), filtered and the solvents were removed to
give the compound as a colourless o0il (162 mg, 91 %) which was used without further

purification.

R, 0.48 (ethyl acetate : hexane 4: 1); [a,]* +4.50° (¢ = 0.5, EtOH); 'H NMR (400
MHz, CDCL,) §;, 7.19-7.08 (m, 2H, ArH), 6.90-6.85 (m, 1H, ArH), 6.80-6.77 (m, 2H,
ArH), 4.50 (d, ] = 4.9 Hz, 1H, CHOH), 4.37 (s, 2H, O=CCH,), 4.07-4.00 (m, 1H,
NCH), 3.82-3.68 (m, 2H, OCH,), 0.00 (s, 9H, 3 x SiCH,); '*C NMR (125 MHz,
CDCl,) §. 169.4 (C=0, ester), 157.1 (C, Ph), 129.8 (2 x CH, Ph), 122.3 (CH, Ph),
114.8 (2x CH, Ph), 103.1 (=C, C-4),91.9 (=C, C-5), 67.3 (CH,, C-6), 63.1 (CH, C-
3), 62.0 (CH,, C-1) 54.5 (CH, C-2), -0.3 (3 x SiCH,). HRMS (calculated for
[M+Na]* C,,H,;,NO,NaSi = 344.1294) found 344.1279.
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(2R)-2-Amino-3-oxo-5-(trimethylsilyl)pent-4-yn-1-yl 2-phenoxyacetate 120

A solution of amino alcohol 119 (72 mg, 0.22 mmol, 1 eq.) in acetone (5 ml) was
cooled to 0 °C and then Jones reagent (1 M, 0.56 ml, 2.5 eq.) was added slowly. The

mixture was stirred at r.t. for 3 h.

After which the reaction was quenched by the addition of isopropanol (1 ml) and
stirred for 10 mins. The mixture was evaporated until near-dryness, and ether (50 ml)
was added and the contents were swirled for S mins. The insoluble chromium salts
were removed by decanting and the organic layer was washed with water (25 ml) and
brine (25 ml), dried (Na,SO,), filtered and concentrated in vacuo to give a yellow oil.
The oil was applied to a silica gel column and eluted with hexane:ethyl acetate (4: 1).

The compound was obtained as a colourless oil (60 mg, 84 %).

R;0.29 (hexane : ethyl acetate 4 : 1); [a,]* -14.3° (¢ = 0.03, CHCL,); '"H NMR (400
MHz, CDCL,) §;;,7.24-7.20 (m, 2H, ArH), 6.95-6.91 (m, 1H, ArH), 6.87-6.84 (m, 2H,
ArH), 4.73-4.30 (m, 1H, NCH), 4.47-4.45 (m, 2H, O=CCH,), 4.12-3.99 (m, 1H,
OCH,), 0.15 (s, 9H, 3x SiCH,); *C NMR (125 MHz, CDCl,) §. 182.6 (C=0, C-3),
168.9 (C=0, ester), 157.1 (C, Ph), 129.8 (2 x CH, Ph), 122.3 (CH, Ph), 114.8 (2 x
CH, Ph), 103.8 (=C, C-4), 99.5 (=C, C-5), 67.3 (C, C-6), 62.7 (CH,, C-1), 62.1
(CH, C-2),-1.0 (3xSiCH,).
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tert-Butyltriphenylsilane 124

tert-Butyldiphenylsilyl chloride (10 ml, 38.5 mmol, 1 eq.) was added dropwise to a
solution of phenyllithium (2.0 M in di-tert-butyl ether, 23.1 ml, 46.2 mmol, 1.2 eq.) at

0 °C over 30 mins. The mixture was then stirred at room temperature for 16 h.

The reaction was quenched with the addition of ether (15 ml) and water (25 ml). A
white precipitate was formed which was collected by filtration under suction, the solid
was washed with water (50 ml) and cold ether (20 ml) and dried over CaCl, in vacuo

to give 124 as a white powder(Yield 6.3 g, 52 %).

m.p. 158 °C; '"H NMR (400 MHz, CDCL,) §,; 7.67-7.63 (m, 6H, ArH), 7.47-7.39 (m,
9H, ArH), 1.25 (s, 9H, 3 x CH,); “C NMR (125 MHz, CDCL,) §. 136.5 (6 x CH),
134.8 (3xC),129.1 (3xCH), 127.6 (6 x CH), 28.8 (3x CH,), 18.7 (C); ES-MS m/z

339.38 [M+Na]*. These data were in accordance with the literature.”
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tert-Butyltriphenylsilyl trifluoromethanesulfonate 122

A solution of tert-butyldiphenylsilyl trifluoromethanesulfonate (TBDPSOTf) was

prepared immediately before use as follows.”

A solution of tert-butyltriphenylsilane 124 (3.8 g, 12.0 mmol, 1.04 eq.) in dry DCM
(25 ml) and cooled to 0 °C, and trifluoromethanesulfonic acid (triflic acid) (1.02 ml,
11.5 mmol, 1 eq.) was added slowly. The mixture was stirred at r.t. for 20 mins and

then used immediately without further purification.
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(R)-tert-Butyl 4-((R)-1-((tert-butyldiphenylsilyl) oxy)-3-(trimethylsilyl)prop-2-

yn-1-yl)-2,2-dimethyloxazolidine-3-carboxylate 121

A solution of alcohol 88 (2.43 g, 7.4 mmol, 1 eq.) and pyridine (2 ml) in DCM (20
ml) and cooled to 0 °C. A solution of TBDPSOTf 122 in DCM prepared as described
above (25 ml, 11.5 mmol, 1.5 eq.) was added dropwise and the mixture was stirred at

r.t. overnight.

The reaction was quenched with methanol (5 ml), and diluted with DCM (50 ml),
washed with 0.5 M HCI (50 ml), sat. NaHCO, (50 ml) and brine (50 ml), dried

(MgSO,) and evaporated to give a yellow residue.

The residues were purified by column chromatography, eluting with hexane: ethyl

acetate (9:1) to afford 121 as a colourless oil (3.27 g, 75 %)

R, 0.44 (hexane : ethyl acetate 4:1); [a,]* +34.0° (¢ = 1, CHCL,); 'H NMR (400
MHz, CDCl,) §,; 7.75-7.66 (m, 4H, ArH), 7.46-7.35 (m, 6H, ArH), 5.01 &4.85 (d &
d, ] = 49 Hz, 1H, OCH, rotamers), 4.43-4.38 & 4.36-4.33 (m & m, 1H, NCH,
rotamers), 4.19-4.09 & 3.98-3.93 (m & m, 2H, OCH,, rotamers), 1.64 &1.63 (s & s,
3H, CH,, rotamers), 1.57 & 1.53 (s & s, 3H, CH, rotamers), 1.49 & 1.45 (s & s, 3H,
CH,, rotamers), 1.18 (s, 6H, 2 x CH,), 1.08 (s, 9H, 3 x CH,), 0.08 & 0.04 (s & s, 9H, 3

x SiCH,, rotamers); >C NMR (125 MHz, CDCI,) §. 151.6 (C=0, Boc), 136.0 (2 x
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CH, Ph), 135.8 & 135.7 (2x CH, Ph), 133.2 (C, Ph), 133.1 (C, Ph), 129.9 (CH, Ph),
129.7 & 129.5 (CH, Ph), 127.7 & 127.5 (2 x CH, Ph), 127.4 & 127.3 (2 x CH, Ph),
103.6 (=C, C-4), 95.1 (=C, C-5), 92.0 (C, C-6), 79.9 (C, Boc), 65.1 & 64.7 (CH,, C-
1), 64.9 & 64.2 (CH, C-2), 61.2 & 60.2 (CH, C-3), 28.4, 28.1, 26.9 (3 x CH,, Boc),
26.8 (3 x CH,, t-BuSi), 25.3 & 24.4 (2 x CH,, C-7), 19.3 (C, t-BuSi), -0.48 (3 x
SiCH,); ES-MS m/z 588.22 [M+Na]*; HRMS (calculated for C,,H,,NO,NaSi, =

588.2941) found 588.2954.
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(2R, 3R)-2-Amino-3-((tert-butyldiphenylsilyl) oxy)-5-(trimethylsilyl ) pent-4-yn-1-ol

12§

90 % Trifluoroacetic acid (5 ml) was added to 121(728 mg, 1.28 mmol) and the
reaction was stirred at r.t. for 30 mins. The mixture was then neutralised with sat.
NaHCO, until neutral to blue litmus paper, then the solution was extracted with ether
(50 ml x 2). The ether layer was separated, dried (Na,SO,), filtered and concentrated

to give 125 as a colourless oil (544 mg, 99 %).

R,0.29 (ethyl acetate : hexane 4:1); "H NMR (400 MHz, CDCl,) §,,7.75-7.68 (m, 4H,
ArH), 7.45-7.35 (m, 6H, ArH), 5.01 &4.85 (d & d, ] = 4.9 Hz, 1H, OCH, rotamers),
4.43-4.38 & 4.36-4.33 (m & m, 1H, NCH, rotamers), 4.19-4.09 & 3.98-3.93 (m & m,
2H, OCH,, rotamers), 1.64 &1.63 (s & s, 3H, CH,, rotamers), 1.57 & 1.53 (s & s, 3H,
CH, rotamers), 1.49 & 1.45 (s & s, 3H, CH,, rotamers), 1.18 (s, 6H, 2 x CH,), 1.08 (s,
9H, 3 x CH,), 0.08 & 0.04 (s & s, 9H, 3 x SiCH,, rotamers); *C NMR (125 MHz,
CDCL,) §. 136.1 (2 x CH, Ph), 135.9 (2 x CH, Ph), 133.2 (C, Ph), 132.9 (C, Ph),
130.0 (CH, Ph), 129.7 (CH, Ph), 127.7 (2x CH, Ph), 127.4 (2 x CH, Ph), 103.9 (=C,
C-4),92.1 (=C, C-5),63.3 (CH,, C-1), 64.9 & 64.2 (CH, C-2, rotamers), 61.2 & 60.2
(CH, C-3, rotamers), 30.3, 28.3, 26.6 (3 x CH,, t-BuS;j, rotamers), 26.9 (3 x CH,, t-
BuSi, rotamers), 19.4 (C, t-BuSi), -0.44 (3 x SiCH,); ES-MS m/z 426.18 [M+H]",
448.16 [M+Na]*; HRMS (calculated for [M+H]* C,,H,,NO,Si, = 426.2285) found

426.2275.
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Me;Si

4
X LOTBDPS
3 2
BocHN” '

OH

tert-Butyl ((2R,3R)-3-((tert-butyldiphenylsilyl) oxy)-1-hydroxy-

5-(trimethylsilyl) pent-4-yn-2-yl)carbamate 126

A solution of amino alcohol 125 (371 mg, 0.87 mmol), Boc,O (225 pl, 1.04 mmol, 1.2

eq.) and triethylamine (225 pl) in DCM (40 ml) was stirred at r.t. for 16 h.

The mixture was diluted with DCM (20 ml), and washed with NaHSO, (1M, 50 ml x
2), sat. NaHCO, (50 ml) and brine (50 ml). The organic extracts were dried
(MgSO,), filtered and concentrated in vacuo, and purified by silica gel column
chromatography, eluting with hexane: ethyl acetate (4 : 1) to give 126 as a colourless

oil (429 mg, 94 %).

R, 0.36 (hexane: ethyl acetate 4:1); [ap]* -19.0° (¢ = 0.1, CHCL,); 'H NMR (400
MHz, CDCl,) & 7.77-7.70 (m, 4H, ArH), 7.48-7.36 (m, 6H, ArH), 5.01 (m, 1H,
OCH), 4.52 (m, 1H, NCH), 3.91-3.89 (m, 2H, OCH,), 3.79 (br's, 1H, OH), 1.45 (s,
9H, 3 x CH,), 1.10 (s, 9H, 3 x CH,), 0.05 (s, 9H, 3 x SiCH,); *C NMR (125 MHz,
CDCl,) §-155.8 (C=0, Boc), 136.0 (2 x CH, Ph), 135.8 (2x CH, Ph), 133.0 (C, Ph),
132.5 (C, Ph), 130.0 (CH, Ph), 129.7 (CH, Ph), 127.7 (2 x CH, Ph), 127.4 (2 x CH,
Ph), 103.7(=C, C-4), 92.1(=C, C-5), 79.6 (C, Boc), 64.2 (CH, C-2), 62.5 (CH,, C-1),
56.1 (CH, C-3), 28.3 (3 x CH,, Boc), 26.9 (3 x CH,, t-BuSi), 19.3 (Si-C), -0.56 (3 x
SiCH,); ES-MS m/z 548.04 [M+Na]; HRMS (calculated for [M+Na]*
C,,H,;NO,NaSi, = 548.2628) found 548.2621.
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Me38i 4
XX _OTBDPS
3
21 OH
BocHN
o

(2S,3R)-2-((tert-Butoxycarbonyl)amino)-3-((tert-butyldiphenylsilyl) oxy)-S-

(trimethylsilyl) pent-4-ynoic acid 127

A solution of alcohol 126 (259 mg, 0.493 mmol, 1 eq.) in acetone (10 ml) was cooled
to 0 °C, then Jones reagentt (1M, 1.23 ml, 2.5 eq.) was added dropwise to the stirred

solution. The reaction was stirred at r.t. for 4 h.

The reaction was quenched by the addition of isopropanol (2 ml) and stirred until the
orange colour disappeared (about 10 mins). The mixture was evaporated in vacuo
until only a small amount of solvent remained. Then ether (100 ml) was added to the
residue and the flask was swirled for S mins. The insoluble chromium salt was
decanted from the ether solution, and the ether layer was washed with water (50 ml)

and brine (50 ml), dried (MgSO,) and filtered.

The solvents were removed to give 127 as a colourless sticky oil, which solidified upon
standing (248 mg, 93 %). The solid may be further purified by recrystallisation in

ether /hexane to give colourless rectangular plates.

m.p. 154-155 °C; [ap]*-25.7° (¢ = 1, CHCL); '"H NMR (400 MHz, CDCl,) §,, 7.73-
7.72 (m, 4H, ArH), 7.47-7.36 (m, 6H, ArH), 5.42 (d, ] = 9.4 Hz, 1H, SIOCH), 4.85 (d,
J=2.5Hz, 1H, COOH), 4.57 (dd, ] = 9.4 Hz, 2.4 Hz, 1H, O=CCH), 1.50 (s, 9H, 3 x
CH,), 1.06 (s, 9H, 3x CH,), 0.01 (s, 9H, 3 x SiCH,); *C NMR (125 MHz, CDCL,) §
173.8 (COOH), 155.6 (C=0, Boc), 136.1 (2 x CH, Ph), 136.0 (2 x CH, Ph), 132.7
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(C, Ph), 131.9 (C, Ph), 130.1 (CH, Ph), 129.8 (CH, Ph), 127.7 (2 x CH, Ph), 127.4
(2 x CH, Ph), 101.7(=C, C-4), 92.5(=C, C-5), 80.2 (C, Boc), 65.1 (CH, C-2), 58.5
(CH, C-3), 28.3 (3 x CH,, Boc), 26.8 (3 x CH,, t-BuSi), 19.3 (Si-C), -0.60 (3 x
SiCH,); ES-MS m/z 561.97 [M+Na]*, 533.95 [M-H]; HRMS (calculated for

[M+Na]* C,,H, NO NaSi, = 562.2421) found 562.2427.

tJones reagent (1M) was prepared by dissolving chromium trioxide (3.35 g) and conc. H,SO, (3
ml) in distilled water and made up to 25 ml.

+A single crystal X-ray structure of this compound is available (Appendix 2).
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(28,3R)-2-[(tert-butoxycarbonyl)amino |-3-hydroxypent-4-ynoic acid;
N-Boc-B-ethynyl-L-serine 128

A solution of 10 % KOH in methanol (2 ml) was added to carboxylic acid 127(170
mg, 0.315 mmol), the reaction was stirred at r.t. for 6 h. The solution was then diluted
with methanol (40 ml) and neutralised with pre-washed Dowex SO0OWx4-400 H* ion-
exchange resin until the solution was neutral to damp pH paper. The mixture was
filtered and the resins were washed with methanol (10 ml). The combined filtrates

were evaporated to give a product containing 128.

The product was carried forward to the next step without further purification.

An analytical sample was prepared as follows. The product mixture was dissolved in
water (20 ml) and the pH was adjusted to 9-10 with a few drops of NaOH(aq). The
aqueous solution was washed with ether (50 ml x 2). The aqueous layer was collected
and the pH was readjusted to 5 with HCI (aq). The solution was lyophilised and the
residues were extracted with ethanol (10 ml). The mixture was filtered and the filtrate

evaporated to give a sample of 128 as a white foam.

[ap]?° +55.6° (c = 0.05, EtOH); 'H NMR (400 MHz, D,0) §,; 4.94 (brs, 1H, OCH),
4.49 (d,] = 3.5 Hz, 1H, NCH), 2.93 (br s, 1H, =CH), 1.47 (s, 1H, 3 x CH,); *C NMR
(125 MHz, D,0) §. 173.1 (COOH), 158.1 (C=0, Boc), 81.9 (C-O, Boc), 80.6 (=C,
C-4), 75.6 (HC=, C-5), 61.7 (C-OH, C-3), 58.5 (C-N, C-2), 27.5 (CH,, Boc); ES-
MS 228.08 [M-H].
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CI "HsN COOH

(2S,3R)-2-amino-3-hydroxypent-4-ynoic acid hydrochloride;
B-Ethynyl-L-serine hydrochloride 4

Conc. HCI (2 ml) and water (2 ml) were added to the product mixture from the

previous reaction containing 128 and the mixture was stirred for 2 h at r.t,, and then

diluted with distilled water (20 ml) and washed with ether (20 mlx 3).

The aqueous layer was collected and lyophilised to give p-ethynyl-L-serine

hydrochloride as a pale yellow solid (49 mg, 93 % from two steps).

m.p. 208 °C (decompose); [ap]*° -69.6° (¢ = 0.05, EtOH) [lit.* -71.5°, ¢ = 1, H,O];'H
NMR (400 MHz, D,0) 8., 4.99 (dd, ] = 2.2 & 3.0 Hz, 1H, OCH), 4.10 (d, ] = 3.0 Hz,
1H, NCH), 2.99 (d, ] = 2.2 Hz, 1H, =CH); >C NMR (125 MHz, D,0) §.168.7
(C=0), 78.6 (HC=), 77.7 (C=), 59.4 (C-OH), 57.5 (C-N); HRMS (calculated for
[M+H]" C{HNO, = 130.0499) found 130.0499.
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COCH

4-(Azidomethyl)benzoic acid;

a-Azido-p-toluic acid 129

4-(Bromomethyl)benzoic acid (a-bromo-p-toluic acid) (1.00 g, 4.65 mmol, 1 eq.) and
sodium azide (317 mg, 4.88 mmol, 1.05 eq.) were dissolved in methanol (30 ml), the

solution was heated under reflux for 2 h.

The solvents were removed in vacuo and the white residues were partitioned between
0.2 M HCI (50 ml) and ether (50 ml). The ether layer was separated and washed with

water (20 ml) and brine (20 ml), dried (MgSO,) and filtered.

Evaporation of the solvents gave 129 as a white powder (794 mg, 96 %).

m.p. 129-130 °C [lit.” 129-131 °C]; 'H NMR (DMSO-d,, 400 MHz) §,, 7.96 (d, ] =
8.5 Hz, 2H, ArH), 7.48 (d, ] = 8.5 Hz, 2H, ArH), 4.55 (s, 2H, CH,); *C NMR
(DMSO-d,, 125 MHz) §. 167.5 (COOH), 141.1 (C, Ar), 130.9 (C, Ar), 130.2 (CH,
Ar), 128.8 (CH, Ar), 55.3 (CH,); HRMS (calculated for [M-H] C;HN,O, =

176.0466) found 176.0459.
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HOOC

4-({4-[(1S,2S)-2-amino-2-carboxy-1-hydroxyethyl]-1H-1,2,3-triazol-1-
yl}methyl)benzoic acid 132

To a solution of B-ethynyl-L-serine hydrochloride (10 mg, 0.06 mmol) in S0 %
aqueous DMSO (1 ml) was added a solution of a-azido-p-toluic acid (30 mg, 0.18
mmol, 3 eq.) in DMSO (0.2 ml), a solution of sodium ascorbate (12 mg, 0.06 mmol, 1
eq.) in water (0.2 ml) and a solution of Cu-TBTA complex (10 mM, 0.6 ml, 0.006

mmol, 0.1 eq.) in 50 % DMSO. The mixture was stirred at r.t. for 12 h.

The mixture was purified through a short C-18 RP silica gel column, eluting with
methanol : water (1 : 1). Fractions containing 132 were combined and concentrated
in vacuo. The residues were purified by semi-preparative HPLC, using this HPLC
condition: Mobile phase A: 0.05 % TFA/water; B: 0.05 % TFA/CH,CN; Gradient:
initial 0 % B to 15 % B in 15 min, 80 % B in 20 min, returning to the initial conditions
at 25 min. Under these conditions, the compound eluted between 17.0 to 17.5 mins.
Evaporation of the solvents from this fraction, followed by freeze-drying afforded an

analytical sample of 132 as a white solid (4 mg, 22 %).

'"H NMR (DMSO-d,, 400 MHz) §,, 8.20 (s, 1H, triazole CH), 7.95 (d, ] = 8.2 Hz, 2H,
ArH), 7.40 (d, ] = 8.2 Hz, 2H, ArH), 5.72 (s, 2H, CH,), 5.27 (d, ] = 4.0 Hz, 1H,
OCH), 4.24 (br, s, 1H, NCH); ES-MS 307.12 [M+H]*, 329.11 [M+Na]*, 345.08

[M+K]*; HRMS (calculated for [M+H]* C,H,\N,O, = 307.1037) found 307.1033.
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5.2 Biological Methods
5.2.1 General Methods

Reagents were obtained from commercial sources (Acros Organic, Sigma, Fisher) and
used without further purification. Enzymes and enzymatic reaction buffers were
obtained from commercial sources (Novagen, Promega) and diluted with sterile
deionised water as required. pEHISTEV vector was kindly provided by Dr H. Liu

(University of St Andrews). DNA primers were ordered from Eurogentec.

Streptomyces cattleya DSM 46488 was obtained from DSMZ (Germany) as dried
culture. Competent cells: Escherichia coli BL21 Gold cells were kindly provided by Dr
L. Major (University of St Andrews) and E. coli DH10B were kindly provided by Dr C.

Zhao (University of St Andrews).

All microbiological works were carried out using standard sterile techniques under a
Gallenkamp laminar flowhood. Experiments involving cell-free extracts or protein
solutions were carried out at 4 °C or on ice unless otherwise stated. Glasswares,
equipments and consumables for biological works were sterilised by autoclaving,
flaming or spraying with 70 % ethanol as appropriate prior to use. Sterilised

consumables were used as supplied. Media were sterilised by autoclaving.

Cell cultures were incubated in a temperature controlled Gallenkamp orbit incubator
or an Innova 2000 platform shaker. Centrifugation were carried out on a Beckman
Avanti centrifuge. Micro-centrifugation were carried out on a Hettich Mikro 200
bench-top centrifuge. Cell lysis were performed either by sonication with a Vibra Cell
apparatus from Sonics & Materials Inc., or by the use of a Constant Systems cell

disruptor running at 30 kPsi. Protein purifications were carried out manually or by the
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use of an Akta-Express protein purification systems connected to pre-packed columns

from GE Healthcare (Ni-Sepharose 6 FF, Desalt 16/10, Superdex 75, Superdex 200).

PCR were carried out on a Techne TC-512 machine. Electroporation of competent
cells were carried out on a BioRad Gene Pluser X-cell apparatus. The polymerase
reactions were carried out using the recommended procedures from the suppliers.
DMSO (5 % v/v final concentration) was supplemented to all PCR reactions

mixtures.

Plasmids from E. coli were prepared using the QlAprep Spin Miniprep kit (Qiagen)

from an overnight culture grown in LB (4.5 ml) with the appropriate antibiotic.

Optical density was measured at 600 nm using a Jenway 6300 Spectrophotometer.
Protein and DNA concentrations were determined by a Nanodrop ND1000

Spectrophotometer.
"F NMR spectra were recorded with proton-decoupling in 10 % D,O in H,0 at 298 K
on a Bruker Avance 400 MHz spectrometer and calibrated to an external reference

(CECL).

DNA Sequencing was carried out by the Sequencing Service, Univeristy of Dundee.
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5.2.2 Electrophoresis Methods
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) were

performed on an Invitrogen XCell SureLock™ mini-cell apparatus connected to an
Amersham Pharmacia biotech EPS 301 power supply operating at a constant current
of 125 mA for 35 mins. NuPAGE™ Bis-Tris 12-well pre-case gel plates containing 4-
12 % acrylamide were used. The gels were submerged in 1x NuPAGE™ buffer during

electrophoresis.

Protein samples for SDS-PAGE were prepared by adding S ul of SDS-PAGE loading
buffer (4x) to 20 pl of protein sample, vortexed and heated at 95 °C for 10 mins to
denature the protein. 10 pl samples were loaded onto the wells of the gel. Prestained

PagerulerTM protein ladder was used as a guide for size determination.

The gels were stained with by soaking in Instant Blue" reagent for 60 minutes with
gentle agitation. Destaining was not necessary for this reagent. The gels were then
washed with water and the images were recorded with a digital colour scanner

(Canon).

DNA agarose gel electrophoresis were performed on a HOEFER™ HE33 mini
horizontal submarine unit (Amersham Biosciences) connected to a power-pac 300
(BioRad) operating at a constant current of 70 V for 110 mins. DNA gels were cast
from 0.8 % agarose solution in 1x TAE buffer at 60 °C and allowed to set for 30 mins at

r.t. prior to use. The gels were submerged in 1x TAE buffer during electrophoresis.

DNA samples were prepared by adding S pl of DNA loading buffer (4x) to 20 pl of
DNA sample. 10 pl samples were loaded onto the wells of the gel. Generuler™ 1kb

ladder was used as a guide for size determination.
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The gels were stained by soaking in a 0.01 % ethidium bromide aqueous solution for
20 mins and visualised by a UV light transilluminator. UV photographs of the gels

were taken as records.
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5.2.3 Media and buffer
5.2.3.1 Culture media

Luria broth media (LB) for E. coli
Tryptone (10 g), yeast extract (S g) and NaCl (10 g) were dissolved in distilled water
(1 L) and the pH was adjusted to 7.25 with NaOH. The solution was sterilised by

autoclaving before use.

Tryptic soy broth-yeast extract media (TSBY media) for Streptomyces sp.
Tryptic soy broth (30 g), yeast extract (S g) and sucrose (103 g) were dissolved in
distilled water (1000 ml) and the pH was adjusted to 7.20 with NaOH solution. The

solution was sterilised by autoclaving before use.

Auto-induction media for E. coli
ZY media
Tryptone (10 g) and yeast extract (S g) were dissolved in distilled water (925 ml).

The solution was sterilised by autoclaving before use.

NPS (20 X)
(NH,),SO, (66 g, 0.5 mol), KH,PO, (136 g, 1 mol) and Na,HPO, (142 g, 1 mol)
were dissolved in distilled water (1000 ml, final volume). The solution was sterilised

by autoclaving before use.

5052 solution (50 X)
Glycerol (250 g) was dissolved in distilled water (730 ml), followed by glucose (25 g)
and a-lactose (100 g). The mixture was heated gently if necessary. The solution was

sterilised by autoclaving before use.
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5.2.3.2 Buffers for gel electrophoresis

TAE buffer (50 X stock solution)
Tris-base (242 g), glacial acetic acid (52 ml) and EDTA disodium salt (14.6 g) were

dissolved in distilled water and made up to a final volume of 1000 ml.

TAE buffer (1X)

20 ml of TAE (50 X) solution was made up to 1000 ml with distilled water.

SDS-PAGE loading buffer (4 X)

Dithiothreitol (DTT) (0.77 g), sodium dodecylsulfate (0.4 g) and bromophenol blue
(0.02 g) were dissolved in 1 M Tris HCl pH 7 (1 ml) and distilled water (2 ml), gentle
heating of the mixture may be required. When the solids are dissolved, glycerol (2 ml)

is added. Store at 4 °C.

DNA agarose gel loading buffer (6 X)
Sucrose (30 g) and bromophenol blue (0.2 g) were dissolved in distilled water (final

volume 100 ml).
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5.2.3.3 Buffers for protein purification

Lysis buffer
Lysis buffer contains 20 mM Tris HCI pH 7.5, 20 mM imidazole HCI pH 7.5, NaCl

500 mM and p-mercaptoethanol 3 mM.

Wash buffer
Wash buffer contains 20 mM Tris HCI pH 7.5, 40 mM imidazole HCI pH 7.5, NaCl

500 mM and B-mercaptoethanol 3 mM.

Elution buffer
Elution buffer contains 20 mM Tris HCI pH 7.5, 400 mM imidazole HCI pH 7.5,

NaCl 500 mM and p-mercaptoethanol 3 mM.

Desalt buffer
Desalt buffer contains 20 mM Tris HCI pH 7.5, NaCl 150 mM and -

mercaptoethanol 3 mM.

Gel filtration buffer
Gel filtration buffer contains 20 mM Tris HCl pH 7.5 and DTT 5 mM.

5-FDRPi for crystallisation is prepared in this buffer solution.
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5.2.4 Cultures of Streptomyces cattleya
5.2.4.1 Growth of S. cattleya on solid media
Streptomyces cattleya NRRL 8057 or DSM 46488 can be grown on solid agar plate

composed of soybean flour (2 % w/v), mannitol (2 % w/v), agar (1.5 % w/v) and tap
water. The plates were maintained at 30 °C where the bacteria mature and develop
purple spores after a period of 28 days. The purple spores can be collected by means of

sterilised cotton swabs and stored as a suspension in 40 % glycerol at -80 °C."

5.2.4.2 Fermentation culture

The fermentation of S. cattleya was carried out by inoculating a sterilised, defined
media (90 ml) containing deionised water (450 ml), trace elements solution (150
ml), filtered carbon source solution (75 ml), phosphate buffer (75 ml, 150 mM, pH
7.0) and potassium fluoride (3 ml, 0.5 M) with the purple spores glycerol stock of S.
cattleya and allowed to grow at 28 °C for 6 to 8 days in a 500 ml conical flask with

shaking at 180 rpm."

Trace elements solution contains deionised water (900 ml), NH,CI (6.75 g), NaCl
(225 g), MgSO,.7H,0 (2.25 g), CaCO, (1.13 g), FeSO,7H,0 (113 mg),
CoClL,-6H,0 (45 mg) and ZnSO,7H,0 (45 mg). The solution was sterilised by

autoclaving before use.

Carbon source solution contains deionised water (900 ml), glycerol (45 g),
monosodium L-glutamate (22.5 g), myo-inositol (1.8 g), p-aminobenzoic acid (0.45

mg). The solution was sterilised by autoclaving before use.
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5.2.4.3 Isolation of genomic DNA from S. cattleya
Glycerol stock of purple S. cattleya spores (20 pl) was inoculated to sterilised TSBY

media (200 ml) and the media was shaken at 30 °C for 36 h. The mycelia were

harvested by centrifugation and the supernatant was discarded.

The mycelia was resuspended in TE2SS buffer (S ml) and lysozyme was added to a
final concentration of 2 mg/ml. This mixture was incubated at 37 °C for 40 mins.
Then proteinase K (50 pl) and 10 % SDS (300 pl) were added and the mixture
incubated at 55 °C for 1 h. SM Sodium chloride solution (1 ml) was then added,
followed by phenol/chloroform (1:1 v/v; 5 ml) and the mixture was mixed by
inversion for a period of 30 mins, then the mixture was centrifuged (5000 rpm, 5180 g,
S mins). The aqueous layer was transferred to a clean tube and DNA was precipitated
by the addition of 3M sodium acetate (1.5 ml) and isopropanol (6 ml). The mixture
was centrifuged (13000 rpm, 16060 g, 10 mins) and the supernatant was discarded. 80
% Ethanol was carefully added without disturbing the precipitated DNA at the bottom
of the tube, the tube was centrifuged (13000 rpm, 16060 g, S mins) and the
supernatant was again discarded. The DNA was allowed to dry and then re-dissolved

in DNase-free water (1.5 ml).
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5.2.5 Purification of the 5-FDRPi
5.2.5.1 Over-expression of 5-FDRPi
The recombinant E. coli BL21 Gold cells containing the S-FDRPi-pEHISTEV plasmid

(restriction sites : BamH I and Xho I) were grown and induced by the auto-induction

method described by Studier."!

An inoculum culture (20 ml) was grown in LB media containing 1 % glucose (w/v)

and kanamycin (100 pg/ml) at 37 °C, 200 rpm for 16 h.

To each 2 L conical flask was added ZY media (372 ml), 1 M MgSO, (0.4 ml), 5052
solution (50X, 10 ml), NPS (20X, 20 ml) and kanamycin (100 pg/ml). Each flask was
inoculated with the inoculum culture (S ml), and then allowed to grow at 20 °C at 250

rpm for 36 h. The cells were harvested by centrifugation (4000 rpm, 3315 g, 20 mins).

5.2.5.2 Purification of the 5-FDRPi
The cell pellet was resuspended in lysis buffer (250 ml) and DNase (10 mg) and

protease inhibitor cocktail tablets (Roche) were added to the suspension. The cells
were lysed by passing through a cell disruptor (30 kPsi). The cell lysate was cleared by
centrifugation (20000 rpm, 48384 g, 20 mins) and the supernatant was filtered

through a 0.45 pym membrane.

The filtrates were loaded onto a Ni-Sepharose 6 FF column (GE Healthcare)
equilibrated with lysis buffer. The purification was carried out using the Akta-Express
Protein purification system. The column was washed with wash buffer and then eluted
with elution buffer. The eluted fractions were passed through a Desalt 16/10 column

(GE Healthcare) connected to the Akta-Express purification system and eluted with
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desalt buffer. The fractions were concentrated by the use of a protein concentrator

(Vivaspin concentrator, 30 kDa MWCO).

5.2.5.3 Removal of Hiss-tag on the over-expressed 5-FDRPi

TEV protease (over-expressed from E. coli) was added to the solution of 5-FDRPi in
desalt buffer (ratio 1:50, TEV:5-FDRPi). The mixture was placed on a tube rotating

platform and the solution was gently mixed by slow rotation for 2 hatr. t.

The solution was then loaded to a Ni-Sepharose 6 FF column equilibrated with desalt
buffer and the protein was eluted with desalt buffer. The fractions containing 5-FDRPi

were pooled.

5.2.5.4 Size exclusion chromatography

S-FDRPi solution was loaded to a gel filtration column (Superdex 200) equilibrated
with gel filtration buffer. The size exclusion chromatography was carried using the
Akta-Express protein purification system at a flow rate of 1 ml/min.

The fractions containing S-FDRPi were pooled and concentrated. The purity of the

protein was assessed by SDS-PAGE.

The protein samples were then flash frozen in liquid nitrogen and stored at -80 °C.
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5.2.6 Assays of the activities of native and site-directed mutants
of 5-FDRPi

Mutagenesis PCR was carried out using the mismatched DNA primers specified in
Chapter 3 (Table 3.1). The S-FDRPi-T vector recombinant plasmid was used as the
template for the reaction. The pFu polymerase was used for this reaction and the
extension time was adjusted for the length of the plasmid (ca. 6 kb). The mixture was
allowed to complete 16 cycles of denaturation at 95 °C (1 min), annealing at 55 °C
(45 s) and extension at 68 °C (4 mins). The PCR products were purified from a gel
with DNA gel extraction kit (Roche). The PCR products were purified into buffer
Tango and Dpn I was added and the mixture was incubated for 2 h at 37 °C to remove
parental DNA. The PCR products were then transformed into E. coli DH10B cells by
electroporation and the cells were plated on an agar plate containing ampicillin.

Plasmids were extracted from the cell colonies obtained.

The plasmids containing correct mutagenesis as confirmed by DNA sequencing were
cut by restriction enzymes (Nco I, Xho I) and cloned into the pEHISTEV vector. The

pEHISTEYV constructs were then transformed into E. coli BL21 Gold cells.

The cells were cultured in LB media and protein production was induced at OD,, =
0.5 with IPTG (final concentration 0.5 mM) at 25 °C for 24 hours. After the cells were
harvested by centrifugation (5000 rpm, 5180 g 20 mins), they were resuspended in
cold phosphate buffer (50 ml, 20 mM, pH 7.8), and the cells were lysed by sonication
at 0 °C (10 x 1 min brusts, with 1 min pauses in between). Specifically, protease
inhibitors and DNase were not added to the buffer. The lysate were cleared by
centrifugation (20,000 rpm, 48,384 g, 20 mins) and the soluble fractions were passed
through a Ni-NTA column (3 ml), and the column was washed with wash buffer (50

ml) and then eluted with elution buffer (10 ml). The eluted protein solutions were
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dialysed against cold phosphate buffer (S L, 20 mM, pH 7.8) and then concentrated to
approx. 20 mg/ml by protein concentrators (10,000 MWCO). The protein identities

were confirmed by mass spectrometry analysis.

The individual S-FDRPi mutant assays were carried out as follows. A mixture (700 pl)
containing synthetic 5’-FDA solution (2 mM final concentration), PNP-MBP (over-
expressed from E. coli, 3 mg/ ml) and the mutant isomerases/native isomerase
[control] (3 mg/ml) in phosphate buffer (20 mM, pH 7.8) was incubated at 37 °C for
6 hours.

Then D,0 (100 pl) was added to each tube, and the mixtures were centrifuged to
remove any precipitated protein before being loaded into NMR tubes. "F{'H} NMR
analyses were carried out to establish whether the product S-FDRP and S-FDRulP

were produced by the enzymes.
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Crystallographic Data for (R)-tert-butyl 2,2-dimethyl-4-((R)-1-(2-phenoxyacetoxy)-

3-(trimethylsilyl) prop-2-yn-1-yl)oxazolidine-3-carboxylate 116

Empirical Formula

Formula Weight

Crystal Colour, Habit

Crystal Dimensions

Crystal System

Lattice Type

No. of Reflections Used for Unit

Cell Determination (2q range)
Omega Scan Peak Width

at Half-height

Lattice Parameters

Space Group
Z value
Dcalc

Fooo
u(CuKa)

C24H33NOgSi /%O

461.63
colourless, needles
0.300 X 0.020 X 0.020 mm

monoclinic

Primitive
1132 (82.2-139.00)

0.00°

a=1192(2) A
b= 6.307(7) A
c=17.82(2) A
B=96.53(4)°
V=1331(3) A3

P2 (#4)

2

1.151 g/cm3
496.00

10.753 cm1
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Crystallographic Data for (2S,3R)-2-((tert-Butoxycarbonyl)amino)-3-( (tert-

butyldiphenylsilyl) oxy)-S-(trimethylsilyl ) pent-4-ynoic acid 127

Empirical Formula

Formula Weight
Crystal Colour, Habit
Crystal Dimensions
Crystal System
Lattice Type

Lattice Parameters

Space Group
Z value
Dcalc

Fooo
p(CuKa)

X LOTBDPS

OH
o

C29H41NOsSIp
539.82
colourless, prism
0.200 X 0.200 X 0.100 mm
monoclinic
Primitive

a= 9.557(2) A
b= 12.285(2) A
c=14320(2) A
p=106.775(6) ©
V=1609.9(4) A3
P2 (#4)

2

1.114 g/cm3
580.00

12.767 cm-1
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Appendix 3

5-FDRPI nucleotide sequence
SCATT20080

Streptomyces cattleya gene for S-deoxy-S-fluoro-a-D-ribose 1-phosphate isomerase

1161 bases

ATGGGTGATCAGTCCGTACAGCCTTTGGCCAAGGGCACGGGGTCCGGGACCCCGGAGCCGAAACCCGCTCTCCGL
TGGGAAGAGCCTCCCGAAGGGCCCGTGCTGGTCCTCCTCGACCAGACCCGGCTCCCCGTCGAGGAGGTCGAACTG
TTCTGTACGGACGTGCCCGCGCTCGTCCAGGCCATCCGTACCCTCGCCGTCCGCGGCGCGCCGCTGCTCGGGCTC
GCCGGAGCGTACGGCGTCGCCCTGGCCGCCGCCCGTGGCTACGACGTCGGGCAGGCCGCCGACGAACTCGLCLCGGC
GCCCGGCCCACCGCCGTCAACCTCTCCTACGGGGTGCGCCGCGCGCTGGCCGCGTACCGTACCGCGGTCACCGGC
GGCGCCGACGACACGGGCGCGGCGGCGGCCACCCTCGCCGAGGCCCGCGCGCTGCACGCCGAGGACGCCAGGGLE
AGCGAACGCATGGCCCGCAACGGCCTGGCGCTGCTGGACGAACTCGTCCCCGGCGGCGGCTACCGGGTGCTGACC
CACTGCAACACCGGCGCCCTGGTCTCCGGCGGCGAGGGCACCGCCCTGGCCGTCGTCCTCGCCGCCCACCGLGGL
GGACTCCTGCGCCGGCTGTGGGTGGACGAGACCCGGCCGCTGCTCCAGGGCGCCCGGCTGACCGCCTACGAGGCC
GCCCGGGCCGGCGTCGCCCACACGTTGCTGCCGGACGGCGCGGCCGGGTCGCTCTTCGCGGCCGGCGAGGTCGAC
GCGGTGCTGATCGGCGCCGACCGGATCGCCGCGGACGGCTCGACCGCCAACAAGGTCGGCAGCTACCCGCTGGCC
GTCCTCGCCCGGTACCACAACGTCCCCTTCGTCGTGGTCGCCCCCACCACCACGATCGACCTGGCCACCCCCGACL
GGCACCGCGATCGAGGTGGAGCAGCGCCCCGCGCAGGAGGTGACCGAGCTGACCGGACCGCGLCCCCGGLCCCGGAL
CGCGAGGGCGCCACCGGCATCCCCGTCGCGCCCCTGGGCACGCCGGCGTACAACCCGGCGTTCGACGTCACCCCG
CCCGAACTGATCACCGCCGTGGTCACCGAGACCGGCGTGGCCTCCCCGGTCACCGGCTCCTCCATAGCCGCCCTG
GCCGCCCGCCCCGGCCCCGTCCGCGCCCAGCCGTGA

5-FDRPi peptide sequence
emb CAR92348.1

Streptomyces cattleya peptide for S-deoxy-S-fluoro-a-D-ribose 1-phosphate isomerase

386 residues; MW = 39.23 kDa

MGDQSVQPLAKGTGSGTPEPKPALRWEEPPEGPVLVLLDQTRLPVEEVELFCTDVPALVOQATRTLAVRGAPLLGL
AGAYGVALAAARGYDVGQAADELAGARPTAVNLSYGVRRALAAYRTAVTGGADDTGAAAATLAEARALHAEDARA
SERMARNGLALLDELVPGGGYRVLTHCNTGALVSGGEGTALAVVLAAHRGGLLRRLWVDETRPLLOQGARLTAYEA
ARAGVAHTLLPDGAAGSLFAAGEVDAVLIGADRIAADGSTANKVGSYPLAVLARYHNVPEVVVAPTTTIDLATPD
GTAIEVEQRPAQEVTELTGPRPGPDREGATGIPVAPLGTPAYNPAFDVTPPELITAVVTETGVASPVTGSSIAAL
AARPGPVRAQP



