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Summary

Two distinct biosynthetic pathways to the essential amino acid L-lysine
(A) are found in nature. The a-aminoadipate pathway operates in fungi and
yeasts. The diaminopimelate (DAP) pathway occurs in bacteria and higher
plants. Our studies were concerned with the DAP pathway and particularly with
the first two steps of this pathway. These steps involve condensation of L-
aspartate-B-semialdehyde (ASA) (B) with pyruvate (C) to form L-23
dihydrodipicolinic acid (DHDPS) (D) and subsequent reduction to L-2,3,4,5-
tetrahydrodipicolinic acid (THDPA) (E). The first step is catalysed by the
enzyme dihydrodipicolinate synthase (DHDPS). The second step is catalysed
by the enzyme dihydrodipicolinate reductase (DHDPR) and utilises NADPH as
a co-factor.
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Our primary objective was the inhibition of this biosynthetic pathway.
Inhibitors of this pathway have potential as antibacterial or herbicidal agents. A
number of substrate analogues of the DHDPS and DHDPR enzymes were
prepared and tested as inhibitors of these enzymes. In previous studies by our
group, heterocyclic compound (F) showed promising activity. In our work, a
number of analogues of compound (F) were prepared. Inhibition studies with
these compounds constituted a valuable insight into the characteristics of these
enzymes. The level of inhibition with these compounds and for a range of other
substrate analogues indicate high substrate selectivity for the enzymes.

S
\“\\\[ j\
0,6 TN TCOM

(F)

iv



The condensation catalysed by DHDPS is mechanistically interesting. In
chemical terms, C-C bond formation is commonly a high energy process
involving highly reactive compounds such as organometallic agents or strong
bases. In such cases the strategy must be directed towards protecting other
functionality or introducing it at a later stage. Clearly, achieving this task under
mild conditions with the high regio- and stereoselectivity associated with
enzymic catalysis could be of tremendous advantage.

Once again, however, we were restricted by the high substrate specificity
of the DHDPS enzyme. In earlier studies by our group, Dr J.E. McKendrick
found evidence of substrate activity for 2- and 3-methyl substituted ASA, (G)
and (H), respectively. In our work, an improved preparation of these compounds
was developed and the subsequent biotransformations with DHDPS were
examined both qualitatively and quantitatively. Interestingly, compound (G) was
shown to display a greater substrate activity than ASA. The preparation of ASA
methyl ester (I) was achieved. This compound also displayed a moderate level
of substrate activity and was the only compound found to show substrate
activity for a DHDPS/DHDPR coupled substrate assay.
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A significant proportion of our effort was concentrated on the
investigation of glutamate-ysemialdehyde (GSA) (J), the higher homologue of
ASA, as a substrate of DHDPS. Problems were encountered with earlier studies
in this area because of cyclisation of GSA, even in protected forms. To counter
this problem two novel strategies were considered. The first involved in situ
enzymic deprotection of the N-acetyl derivative of GSA. Although this was
successful for N-Acetyl-ASA, problems with cyclisation were once again
experienced for the GSA equivalent. The second strategy utilises the reversible
nature of enzymic catalysis. The synthesis of the proposed 7-membered
heterocyclic product (K) of DHDPS catalysed condensation of GSA and
pyruvate is not a trivial task. Some progress was made and further direction
detailed. Further validation for this study was demonstrated on preparation of 5-
hydroxyproline (L). Compound (L) is a cyclic equivalent of GSA and was found
to display clear evidence of substrate activity.
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One other application of our ‘reverse’ strategy for enzymic activity was
successfully implemented. This involved the development of an inhibition assay
for detection of DHDPR activity. The natural substrate of DHDPR, (D), has very
low stability. Consequently, inhibition studies on this enzyme are most
commonly performed by means of a DHDPS/DHDPR coupled assay. By
synthesising the enzymic product of DHDPR, (E), we have developed a
‘reverse’ assay for inhibition studies on DHDPR alone. The synthesis of
compound (E) was previously achieved by our group. A selection of our
synthetic inhibitors was evaluated by this new enzyme assay.
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Chapter 1 o-Amino Acids, Proteins and
Enzymes

1.01 Importance of a-Amino Acids’

There are a very large number of amino acids known to occur in nature.
Of these, the most important are the twenty a-amino acids which almost
exclusively comprise the structure of all known proteins. Proteins are found in
all living cells. They are the principal material of skin, muscles, tendons and
nerves as well as enzymes, antibodies and many hormones. The twenty
amino acids most commonly found in proteins are listed in Figure 1. All of
these a-amino acids (with the exception of glycine) have the L-
stereochemistry and the highly specific stereocenvironment that results when a
number of these amino acids are joined through peptide linkages is crucial to
the high chemical selectivity of these biomolecules. Proteins are the end
products of the genetic processes of every living organism (Scheme 1) and
are the workhorses of all biological transformations.

replication

A~

DNA =% RNA === protein

Scheme 1 The Genetic Process

Amino acids are amphoteric in nature; that is, they contain both an acid
function in the carboxyl group and a basic function in the amine group. In their
commonly encountered neutral aqueous environment they exist mainly in the
doubly ionic or zwitterionic form shown in Figure 1. As a result the free amino
acids display similar chemical behaviour to ionic solids: high melting points;
solubility in polar solvents; and very low acidity and basicity constants. For
example, glycine has K = 1.6 x 1010 and K, = 2.5 x 10-12, At low pH the
carboxylate group of the amino acid is protonated and it exists as an
ammonium cation. At high pH the ammonium group of the amino acid is
deprotonated and it exists as a carboxylate anion. The nature of the ionic
species determines how the amino acid will migrate in an electric field. The
hydrogen ion concentration of a solution in which a particular amino acid does
not migrate towards either electrode in a magnetic field is an important
physical constant known as the isoelectric point. An amino acid usually shows
its lowest solubility in a solution at its isoelectric pH. The value of this constant



is dependent on the ratio of acidic and basic groups, including those in the
side chain. Glycine, glutamic acid and lysine have isoelectric pH values of
5.97, 3.22 and 9.74, respectively.2
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1.02 Biosynthesis of a-Amino Acids3

The entire basic set of twenty one genetically encoded a-amino acids,
including the less commonly occurring selenocysteine, are derived from six
intermediates produced from only three biosynthetic pathways: glycolysis; the
pentose phosphate pathway and the citric acid cycle. Bacteria such as
Escherichia coli and plants can synthesise the entire set required for protein
synthesis. Humans can only synthesise twelve of the genetically encoded a-
amino acids. These are known as the ‘nonessential’ amino acids: alanine;
arginine; asparagine; aspartate; cysteine; glutamate; glutamine; glycine;
proline; selenocysteine; serine and tyrosine. The remaining nine ‘essential’
amino acids must be supplied in the diet: histidine; isoleucine; leucine; lysine;
methionine; phenylalanine; threonine; tryptophan and valine. The pathways to
the amino acids are summarised in Scheme 2. The essential amino acids
are in bold type and the biochemical pathway from which the precursor is
derived is bracketed.

| Oxaloacetate (Citric) | | Pyruvate (Glycolysis) |
~ S
Aspartate Alanine Leucine Valine

— ] T~

Asparagine Lysine Methionine Threonine

Isoleucine

Phosphoenolpyruvate (Glycolysis) L-Ketoglutarate (Citricﬂ

+
Erythrose 4-phosphate (Pent. Phosphate)

~ N\ N

Phenylalanine Tryptophan Tyrosine Glutamate
Tyrosine Arginine Gluta{mine Proline
LRibose 5-phosphate (Pent. Phosphate) | [ 3-Phosphoglycerate (Glycolysis) |
Histtldine /Se*ine \
Cysteine Glycine

Selenocysteine

Scheme 2 Biosynthetic Routes to the c-Amino Acids



The synthesis of the carbon skeleton of the a-amino acids from the
biochemical precursors is performed by simple enzyme controlied
transformations. The transformations in the case of essential amino acids are
generally more complex.

Two prosthetic groups, tetrahydrofolate and S-adenosylmethionine,
play important roles in the synthesis of the carbon skeletons (Figure 2).
Tetrahydrofolate is a vitamin for mammals and must be supplied in the diet. In
amino acid synthesis it acts as a supply of an activated methyl group. The key
parts of the molecule are the N-5 and N-10 positions (Figure 2) which can
carry methyl, methylene, formyl, formimino (-CHNH-) or methenyl (-CH=)
groups. Tetrahydrofolate can also act as a one carbon acceptor in
degradation reactions. S-Adenosylmethionine is a somewhat more reactive
source of methyl groups and consequently is responsible for the majority of
biosynthetic methylations. S-Adenosylmethionine is synthesised by transfer of
an adenosyl group from adenosyltriphosphate (ATP) to the sulfur atom of
methionine. The methionine can be regenerated from the S-
adenosylhomocysteine byproduct by hydrolysis to homocysteine and
subsequent methylation with N5-methyltetrahydrofolate.
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OH HN
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COy
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| </ |
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O
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S-Adenosyimethionine

Figure 2 Structure of Tetrahydrofolate and S-
Adenosylmethionine



The incorporation of nitrogen into a-amino acids is another important
biosynthetic feature. Nitrogen is the major constituent of atmospheric gases.
N> gas from this source is reduced to water soluble ammonium ions (NH4*) by
nitrogen-fixing microorganisms. The NH4* reacts with a-ketoglutarate,
NADPH and H* to produce glutamate, under catalysis by the enzyme
glutamate dehydrogenase. Further biosynthetic reaction with NH4* and ATP,
catalysed by gluamine synthetase, produces glutamine. The a-amino group of
most amino acids comes from a transamination reaction with glutamine.

1.03 Protein Structure+s

Proteins are large macromolecules with moiecular masses typically in
the region 10 000 to 1 000 000 Daltons. They consist of a large number of a-
amino acid units covalently linked through amide bonds to form long
unbranched chains. With twenty amino acids arranged in varying number and
order an almost infinite library of compounds is possible. At physiological pH,
the amino acids can be classified into three forms by the polarity of their side
chains: non-polar; neutral polar and charged polar. As a result proteins differ
enormously in structure for both steric and electronic reasons. The sequence
of these side chain groups is unique to each protein and gives each its distinct
biochemical properties.

The shape of a protein can be described in terms of primary, secondary
and tertiary structure. Primary structure is the basic covalent structure made up
of peptide bonds and disulfide linkages between distant neighbouring
cysteine residues. To determine the composition of a protein the peptide is
hydrolysed in acid solution, since alkaline solution causes racemization. The
resulting amino acid mix is then analysed by ion exchange chromatography
or, after conversion into their methyl esters, by gas chromatography.
Determination of protein sequence is a somewhat more difficult task and is
accomplished by a combination of reductive cleavage, partial hydrolysis and
terminal residue analysis. The first step of sequencing is the reductive
cleavage of the covalent disulfide linkages and protection of the resulting
cysteine groups by alkylation (Scheme 3). In practice it is not feasible to
extend the analysis of stepwise removal of terminal residues beyond about 20
residues because of the interference from the accumulation of residues. It is
therefore necessary to subject the chain first to partial hydrolysis. The resulting
fragments are then identified by terminal residue analysis. This technique



relies on the fact that there is a free amino group o to a peptide link at one end
of the peptide chain and a free carboxylate group at the other end.

0 0
H H
N N
HN " HN .
SH
S Ho” N SH
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S
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o)
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HO/\/S \S/\/OH
o I coy
N
HN M,
N

Scheme 3 Reductive Cleavage of S-S Crosslinks

The most commonly used method of terminal residue analysis involves
selectively hydrolysing the N-terminal residue after treatment with phenyl
isocyanate. The phenyl isothiocyanate reacts with the free amino group to
form a thiourea. Mild hydrolysis with aqueous hydrochloric acid selectively
removes the N-terminal residue, as a phenylthiohydantoin, and leaves the rest
of the peptide intact (Scheme 4). It is also possible to remove the C-terminal
residue by selective hydrolysis with the enzyme carboxypeptidase, found in
the pancreas. Standard notation is to list the protein sequence with the N-
terminal end containing a free amino group on the left and the C-terminal end
containing a free carboxyl group on the right.

X-Ray studies of dipeptides indicate that the entire amide group is flat.
The oxygen, carbonyl carbon, nitrogen and three other atoms attached all lie
in a plane. The carbon to nitrogen distance of 1.32 A compared to the usual
1.47 A for a carbon-nitrogen single bond indicates considerable double bond



character (~ 50%). As a result the angles around both the carbonyl carbon
and the nitrogen are similar to those observed around a trigonal sp? carbon.

Ph—N=C=§ + \(u\ )\”"J

base

H
PhHN N

=<

HsO*

1
PhN /Hri, e S R 0
o

Scheme 4 Terminal Residue Analysis

Different proteins have different proportions of acidic and basic side
chains and hence have different isoelectric points. The movement of the
protein towards a particular electrode is not only dependent on the pH of the
medium, which controls the magnitude of the net charge, but is also reliant on
the molecular size and shape. This difference in behaviour in an electric field
is the basis of electrophoresis. Electrophoresis is one method of separation
and analysis of protein mixtures.

Secondary structure describes the way in which the protein chains are
arranged in space to form coils, sheets or compact spheroids. The
environment around the protein, aqueous or non-aqueous, plays a key role in
the arrangement of the chains and side groups. As observed for nucleic acids
and colloidal aggregates, proteins tend to hold their polar amide linkages and
side chains to the outside where they are surrounded by a polar aqueous
environment. The non-polar hydrophobic side chains are commonly held
within this structure to the exclusion of water. The importance of the
environment around the protein poses a problem for the protein
crystallographer. The high vacuum environment required for X-ray analysis
can cause the protein to distort by unfolding. Crystal structure of a normally
folded protein is required to predict the sequence of events promoted within
the active site. With this information and the skills of the molecular modeller,
compounds can be designed to interact with the protein for chemotherapeutic
or other useful purposes. Fortunately the skills of the protein crystallographer



are well advanced in crystallisation techniques and this problem is
surmountable. The shape of the protein is principally determined by the
intramolecular hydrogen bonds between distant N-H and C=0O groups in
amide bonds. This interaction has a stabilising effect of the order of 5 to 10
Kcal per mole per hydrogen bond. And since the attraction is electrostatic, and
not governed by molecular orbital theory, then the N-H----O=C bond is close to
linear. The simplest arrangement that fulfils this criterion is the linear B-sheet
interaction (Figure 3). For a linear peptide chain the repeat distance
between similarly orientated alternate residues is 7.2 A. It is however
noteworthy from Figure 3 that alternate side chains lie on the same side of
the sheet. The result of this significant steric interaction is that the B-sheet
structure is only observed when the neighbouring side chains concerned are
small in size. Even when the side chains are small enough to permit this
structure, the chain undergoes a puckering to accommodate the steric
requirements. The protein silk fibron closely approaches the fully extended flat
sheet structure and has a repeat distance of 7.0 A. This protein is composed of
84% glycine, alanine and serine residues. When the side chains are larger
the thermodynamically favoured conformation is the familiar o-helical shape
that is observed with DNA (Figure 4). Again, the predominant factor in
adopting this structure is the thermodynamic gain of the hydrogen bonding
interactions that hold it together. The stereochemistry of the individual amino
acid residues imposes specific steric requirements that direct the formation of
the highly stereospecific right handed helix. The a-helix has 3.6 amino acid
residues per turn and has a repeat distance of 1.5 A, measured along the
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Figure 4 «-Helical Protein Structure

The influence of the amino acids proline and 4-hydroxyproline on
secondary structure is worth consideration. When incorporated in the peptide
chain both lack the N-H bond necessary for hydrogen bonding and impose
significant steric requirements for the pseudo co-planar amide group and
pyrrolidine ring. As a result, these residues can effect severe distortions or
termination of both a-helical or B-sheet secondary structure.

Tertiary structure concerns the spatial arrangement of remote amino
acid residues. The distinction between secondary and tertiary structure is not
clear-cut. Both involve hydrogen bond interactions. Perhaps a simple
interpretation would be to consider secondary structure as uniform or ordered
and tertiary structure as random interaction between incidental neighbours.
The disulfide bonds between cysteine residues, which have been discussed
here as part of the covalent primary structure, are commonly considered as
tertiary structure. Tertiary structure is clearly thermodynamically dictated and
in some cases a degree of order is observed. It is suggested that each helix
can itself be coiled into a superhelix with one turn for every 35 turns of the o-
helix.



1.04 Enzymes, Active Sites and Co-enzymes

Proteins have a number of functions in living systems. The greatest
diversity of function is observed in the field of protein-based biological
catalysts, enzymes. Every physical function of a living system is in some way
controlled or influenced by the action of these enzymes. The highly
stereospecific structure of proteins ensures a selective function of each and
every enzyme. Enzymes were originally considered to bind substrates into an
‘active site’ by a highly stereospecific ‘lock and key’ mechanism. Later
structural evidence showed that most enzymes undergo a conformational
change to accommodate substrates.® This ‘induced fit' hypothesis accounts for
the activity of enzymes commonly observed with ‘unnatural’ substrates of
varing structural diversity. When in position, the substrate is located next to
activated groups, protected from the exterior environment, and undergoes a
chemical transformation. The catalytic mechanism is then completed by the
release of the transformed substrate and regeneration of the catalyst by
release of a used cofactor or reverse reaction with a co-substrate.

The specific function of enzymes is a product of evolution. Each
enzyme has evolved through genetic processes to promote a specific
biological function. Evolution is the process of altering the biological function
of an organism for the purpose of increasing its chances of survival. It is
estimated that it takes in the region of ten million years for one amino acid
substitution to occur.4 Such a change is due to a change in base sequence in
a molecule of nucleic acid. A very small change in amino acid sequence can
make a significant difference to the function of a protein. Replacement of one
of the 300 residues, valine for glutamic acid, in haemoglobin is responsible for
the fatal disease of sickle-cell anaemia.

Commonly the chemical transformation promoted at the active site of an
enzyme is performed by a non-peptide portion held within the protein structure
specifically for this purpose. This non-peptide portion is called a prosthetic
group or co-enzyme and the protein is known as a conjugated protein.4 An
example of this is the tetrapyrrole structure of ‘haem’ (Figure 5) which
chelates iron and is responsible for oxygen transport in mammals. Haem is
held within a peptide portion (globin) of the protein haemoglobin. In our work
we encountered the reducing enzyme dihydrodipicolinate reductase
(DHDPR), responsible for the reduction of L-2,3-dihydrodipicolinic acid
(DHDPA) to L-2,3,4,5-tetrahydrodipicolinic acid (THDPA) (Chapter 2,
Scheme 11). The reduction is performed by hydride transfer from the
reduced form of the co-enzyme nicotinamide adenine dinucleotide phosphate
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(NADPH) (Figure 5). Metal ions such as zinc and magnesium are also
frequently involved as co-factors in enzyme-catalysed reactions.
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Figure 5 Structure of the Co-catalysts Haem and NADPH

1.05 Enzyme Catalysis?

Enzymes, like all catalysts, speed up the rate of attainment of
equilibrium. They do not affect the position of equilibrium and are regenerated
in their original form after reaction. The rate of any chemical transformation is
determined by the difference in free energy between the starting materials and
the high energy transition state. This energy difference is known as the free
energy of activation, AG*. A catalyst is a species that can lower the energy of
the transition state through a stabilising interaction or by offering an alternative
lower energy route to the products. Commonly, enzyme catalysis proceeds
through a number of low energy’ intermediates and thus offers an ‘optimum’
route from starting materials to products (Figure 6).
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Figure 6 Energy Profile for an Uncatalysed and an Enzyme
Catalysed Transformation

The nature of enzymes as catalysts dictates their effectiveness even at
concentrations much lower than that of their substrates. However, in living
systems many intercellular enzymes are present in relatively high localised
concentrations, which may even exceed the concentration of the substrates.
The substrates of these enzymes are likely to exist predominantly in their
enzyme-bound form. Clearly this is a product of the evolutionary process,
protecting unstable substrates from undesirable reactions. We might predict
that the DHDPR enzyme is one such case. The substrate DHDPA is readily
irreversibly oxidised by atmospheric oxygen to the aromatic derivative
dipicolinic acid (DPA).

1.06 Enzymes as Chemotherapeutic Targets

Each biological entity is unique in its existence. Both modern and
premodern medicine owe their successes to the inhibition of biological
processes. If we target a biological transformation specific to an organism we
can potentially selectively destroy the organism. The commonly targeted
transformations are those of nucleic acids, enzymes and cell signalling
processes. Many chemotherapeutic agents are derived from the massive
library of compounds available from natural sources. In early days whole
plants were used for medicinal purposes. Through time and scientific
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advancement it has become possible to identify and isolate active constituents
from the cocktail of chemicals of the natural source. We can draw an
interesting analogy between early medicine and the current rapidly expanding
field of combinatorial chemistry. Many modern day medicines are still based
on the discovery of lead compounds from natural sources.

In modern drug development an understanding of biological processes
at a molecular level allows us to design compounds for a specific purpose.
The synthesis of drug compounds may be performed from scratch using
readily available chemicals or by chemical derivatisation of a biological
product which can be produced in sufficient bulk. The latter of the two methods
is useful when the target compound requires many synthetic steps or involves
formation of a complex stereochemical structure. An example of this is the
recent much publicised anticancer drug Taxol™ (Scheme 5). This
compound occurs naturally at very low levels in the bark of Taxus brevifolia,
the Pacific Yew Tree. Although the total synthesis of this compound has been
achieved,8.9.10 the method used for commercial purpose!.12 involves a
relatively short convergent synthesis utilising the readily available and more
easily renewable biochemical intermediate 10-deacetylbaccatin lll, from the
leaves of Taxus baccata L (Scheme 5).

Scheme 5 The Semisynthesis of Taxol
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The importance of enzymes as biological catalysts has already been
mentioned. Most biological transformations are kinetically disfavoured and
rely on enzymes to promote the reaction. By inhibiting the action of enzymes
we can effectively stop an undesirable process. The greatest problem in
inhibiting enzymic activity is the selectivity of action. Many unrelated
organisms have evolved different enzymes for important common purposes.
Frequently the active sites of these enzymes have a great deal in common. As
the acceptance of a substrate into an active site is made possible by an
induced fit mechanism, then the inhibitor of one enzyme would very likely
inhibit structurally related enzymes by a similar degree and would therefore
display poor selectivity of action. This problem is equally troublesome in
targeting cell signalling processes and nucleic acids. A clear illustration of this
can be seen with the current problems in selective cancer chemotherapy.

Inhibition of enzymic activity can be either reversible or irreversible.!3
An irreversible inhibitor binds very strongly, either covalently or non-
covalently, and essentially does not dissociate from the enzyme. Reversible
inhibition is characterised by rapid dissociation and reassociation of the
enzyme-inhibitor compiex.

A competitive inhibitor is one which binds reversibly to the enzyme at
the active site and therefore prevents the substrate from binding. Competitive
inhibitors slow the rate of enzymic catalysis by reducing the number of
substrate molecules binding to the active site. This effect can be minimised by
increasing the ratio of substrate to inhibitor so that binding of the substrate is
favoured. Molecules which are close analogues of the transition state of
enzymic processes are commonly good competitive inhibitors.

A non-competitive inhibitor is one which binds away from the active site
but disrupts the enzymic structure in such a way that the efficiency of the
catalysis is diminished. A non-competitive inhibitor works by decreasing the
turnover number rather than the number of substrate molecules bound to the
active site. As a result the inhibition effect cannot be overcome by simply
increasing the ratio of substrate to inhibitor. This subtie difference allows us to
distinguish between the types of inhibition by studying the kinetics. If the
extent of inhibition increases with concentration of inhibitor then competition
for the active site is evident. This is a simplified view of inhibition study.
Commonly inhibitors can bind both at and away from the active site and
therefore display mixed inhibition.
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1.07 Enzymes for Chemical Uses'4

In designing inhibitors we look for analogues of similar shape and
electronic structure to substrates or transition state intermediates. Usually the
inhibitor is suitably functionalised so it will bind to the enzyme but not undergo
enzyme catalysed reaction. Similarly, unnatural enzyme substrates are
closely modelled on the natural substrates or transition state intermediates of
the enzyme but differ in that they are suitably functionalised so as to undergo
an enzyme catalysed chemical transformation. Individual enzymes vary
enormously in their substrate specificity. Enzymes that display low substrate
specificity are generally more useful as biotransformation catalysts as they will
accommodate a variety of unnatural substrates. The fermentation of sugar into
ethanol by yeast is a biotransfomation process which has been known for a
very long time.

Proteins are an obvious source for the isolation of the genetically
encoded amino acids. The oldest method of production of these important
primary metabolites involves enzyme catalysed degradation of proteins.
Indeed, the amino acids L-cysteine, L-glutamate, L-lysine, L-glutamine and L-
arginine are still produced by microbiologically based processes.

Enzymes play an equally important commercial role in the production of
secondary metabolites. Penicillins and cephalosporins are produced in fungi
by Penicillium spp. and Cephalosporium spp. respectively. The annual world
production of penicillin-G (1) and penicillin-V (2) (Figure 7) is
approximately 12 000 tonnes. Many other commercially important penicillins
are produced by chemical derivatisation of 6-aminopenicillanic acid (3)
(Figure 7). This important intermediate is produced from (1) or (2) by the
bacterium E. coli or by the appropriate amidase isolated from the micro-
organism.

Biotransformation catalysts play many other important roles in both
small, laboratory scale and large, industrial scale chemical transformations.
Tightly controlled enzyme structure ensures highly regioselective and
stereoselective recognition processes and therefore highly selective catalytic
activity. Following the recommendations of the International Union of
Biochemistry enzymes are categorised into six groups: Oxidoreductases;
Transferases; Hydrolases; Lyases; Isomerases; and Ligases.
Oxidoreductases catalyse oxidation and reduction reactions involving the
addition or removal of oxygen and hydrogen. An enzyme catalysing the
reduction of a ketone to a secondary alcohol would fall into this class.
Transferases catalyse the transfer of groups, such as amino groups, from one
molecule to another. Hydrolases catalyse hydrolysis of molecules such as
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esters and amides. Lyases catalyse the addition of HX (X # OH) to alkene,
imine and carbonyl groups. Isomerases catalyse isomerization process such
as racemisation and epimerization. Ligases catalyse condensation reactions
with the formation of C-O, C-N and C-C bonds.
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Figure 7 Commercially Important Penicillins

When using enzymes for biotransformations we can use either the
whole cell or purified enzymes. There are advantages and disadvantages to
each. When using whole cells we do not need to add any of the expensive co-
tactors required. Whole cells are cheap and readily available. However, in
using whole cells we can encounter problems such as undesirable side
reactions and difficult work up from large aqueous volumes. Transport of
substrates into the cells and of products out of the cells, may also be
troublesome. Using purified enzymes makes biotransformations easier to
control and monitor. The transformations are highly selective, the work up is
simplified and the use of organic co-solvents can be better tolerated. Purified
enzymes can also be crystallised for X-Ray diffraction and modelling studies.
The major disadvantage of using purified enzymes is the expense. Isolation of
enzymes in reasonable yield often requires the organism to be genetically
engineered to overexpress the required protein. Purification is also a difficult
process, usually requiring several chromatographic steps to separate the
required enzyme from the mixture of proteins and other biomolecules. Using
purified enzymes may also require the addition of co-factors. Co-factor
recycling may also be necessary.
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1.08 Protein Purification

Electrophoresis, along with chromatographic techniques are the key
tools in the purification of proteins.'> Very high levels of purity can be
achieved by crystallisation of pre-purified protein. Indeed the uniform structure
of the ordered crystal lattice is essential for three dimensional structural
elucidation by X-ray analysis.

The principle behind electrophoresis was mentioned briefly in section
1.03. The migration of each individual component in a mixture of
macromolecules in an electric field depends on the field strength, the net
charge on the macromolecule and the frictional coefficient. The frictional
coefficient depends on the mass and shape of the migrating compound and
the viscosity of the medium. Electrophoretic separations are most commonly
performed on gels but can also be done on solid materials such as paper
(cellulose). Polyacrylamide gels are often the ones of choice because they are
chemically inert and easily manufactured with control over pore size.
Separations by electrophoresis are roughly in the order of mass, with the
smallest compounds migrating more quickly. pH gradients can also be used in
electrophoretic separations because at the isoelectric pH of a protein the net
charge is zero and the ‘electrophoretic mobility’ is also zero.

Electrophoretic techniques are limited in that they do not supply large
quantities (milligrams) of the proteins in their native form. This is necessary for
three dimensional structural and mechanistic studies. Other characteristics
such as size, solubility, charge and specific binding affinity can be utilised to
purify proteins. Proteins can be separated from small molecules by dialysis
through a semipermable membrane. Centrifugation can be used in unison
with dialysis to force the equilibrium towards removal of the small molecules,
essentially the impurities are ‘washed out.’

Another widely used technique is gel filtration which relies on size
distribution (Figure 8). The sample passes through a column containing a
polymeric carbohydrate stationary phase with fixed pore sizes. Smaller
molecules enter the pores and interact strongly. Larger molecules cannot
enter the pores and so pass through the column more quickly. Gel filtration
can be used to separate much larger quantities of protein than electrophoresis
but the resolution is lower. ,

lon exchange chromatography (Figure 8) separates molecules on the
basis of their net charge. For example a macromolecule with a net positive
charge will bind strongly to a stationary phase containing carboxylate groups
(cation exchanger), whereas a macromolecule with a net negative charge will
pass through this system very quickly. pH gradients are used in ion exchange
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chromatography to vary net charges when required. Salt solutions can also be
used to ‘displace’ the bound macromolecules in a competitive manner.

Affinity chromatography (Figure 8) is a powerful method of protein
purification. A substrate of the enzyme is incorporated in the stationary phase,
say glucose. The enzyme ‘recognises’ the glucose and binds strongly. Other
proteins and impurities are washed through. The desired protein is then
displaced by washing with a solution of ‘free’ glucose. All of these purification
techniques have been used by different groups to purify DHDPS from a
variety of sources.
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Figure 8 Chromatographic Techniques

Recently the new technique of displacement chromatography has
proved to be of value.'® Displacement chromatography involves loading of the
impure material onto a stationary phase as normal. The column is then eluted
with a low molecular weight polyelectrolyte displacer (Mw < 2000) which
totally displaces the other components from the adsorbent material. This
results in the formation of a highly concentrated zone of components and
competition for the adsorbent sites. As the displacer travels down the column
the poorer binding components are eluted in the solvent flow first. This high
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concentration technique results in excellent resolution with potential for
separating closely related materials and for large scale industrial purifications
which suffer from loss of resolution on scale up. Separation of the desired
product from the displacer can be troublesome but ultrafiltration is a useful
procedure to achieve this end.
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Chapter 2 The Biochemistry of L-Lysine

2.01 Introduction

In this chapter we will concentrate on the biochemical importance of the
o-amino acid L-lysine. The need for lysine in mammalian nutrition and the
chemical synthesis of this amino acid will be discussed. The biosynthetic
pathways to this amino acid found in fungi, plants and bacteria and the value
of targeting these pathways for chemotherapeutic benefit will be considered.
Our studies are concentrated on the transformations promoted by the first two
enzymes of the diaminopimelate (DAP) biosynthetic pathway to L-lysine:
dihydrodipicolinate synthase (DHDPS) and dihydrodipicolinate reductase
(PHDPR). These enzymes will be discussed in detail. In the following chapters
we will look at the synthesis and testing of potential inhibitors and substrates
of these enzymes.

2.02 The Importance of L-Lysine

The requirement for lysine in mammalian diets dictates the commercial
importance of this amino acid. The estimated daily nutritional requirements of
the nine ‘essential’ amino acids are detailed in Table 1. Proteins from meat,
fruit, vegetables and dairy produce are the main sources of amino acids in the
human diet. In the body proteins are metabolised by hydrolase enzymes into
their amino acid units. The free amino acids are then available for the
genetically controlled synthesis of proteins essential for sustaining life.

Amino acid Required daily amount (mg/kg)
Isoleucine 10
Leucine 14
Lysine 12
Methionine 13
Phenylalanine 14
Threonine 7
Tryptophan 4
Valine 10

Table 1 Nutritional Requirements of the Essential Amino Acids

20



The nutritional value of proteins in the diet is dependent on the quantity
and balance of their constituent amino acids. The balance of amino acids in
the diet is very important because protein synthesis is restricted by deficient
levels of any one of the amino acids. In plant protein, and especially cereal
protein, L-lysine is the limiting amino acid. It is common practice for food
manufacturers to supplement their produce with synthetic sources of important
nutrients such as L-lysine.

As well as the life sustaining role of L-lysine in proteins, L-lysine ailso
plays an important role as a metabolite in the biosynthesis of some alkaloids.
Alkaloids are a very large and diverse family of nitrogen-containing natural
products with a wide range of biological activities. Typical examples are:
cocaine; nicotine; mescaline; morphine and strychnine (Figure 9).
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cocaine nicotine mescahne

morphine strychnine

Figure 9 Biologically Active Alkaloids

The early stages of the biosynthetic pathways involving L-lysine (4) and
its lower homologue L-ornithine (5) to form monocyclic systems are very
similar (Scheme 6).77 The amino acids undergo decarboxylation to the
diamines cadaverine (6) and putrescine (7), respectively. N-Methylation by
S-adenosyimethionine, transamination (primary amine to aldehyde) and
subsequent cyclisation produces the iminium salts (8) and (9). By this
pathway and variations on it L-lysine and L-ornithine are incorporated into
pyrrolidine, piperidine, pyrrolizidine and quinolizidine alkaloids such as
hyoscyamine, pseudopelletierine, retronecine and lupinine (Figure 10).18
The biosynthesis of the pyrrolidine alkaloid hyoscyamine (10), from the
iminium salt (9) is illustrated in Scheme 7.19
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2.03 Commercial Production of L-Lysine

The important biochemical role of the generic a-amino acids means
that there is an industrial demand for all of them for research and commercial
purposes. All of the amino acids found in proteins are synthesised industrially.
Monosodium glutamate and L-lysine are produced in the largest bulk with
annual production of 370 000 and 40 000 tons, respectively.20 Commercial
production of amino acids is performed by extraction from proteins, enzymatic
processes and by chemical synthesis. Extraction from proteins involves their
formation by fermentation by microorganisms. Modern genetic engineering
techniques allow the production of most proteinogenic amino acids by
fermentation methods. Auxotrophic mutants are microorganisms which lack
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one or more of the enzymes required for the biosynthesis of an amino acid.
Mutants of Corynebacterium glutamicum and Escherichia coli which lack
homoserine are found to accumulate L-lysine.2? Lysine is a member of the
aspartate family of amino acids. Blocking the route at the branching point to
homoserine directs the biosynthesis towards lysine (see Scheme 10).
Regulatory mutants are genetically modified to prevent the slowing or
stoppage of the production of the required material. This usually involves the
mutation of a protein in the biosynthetic pathway so that the organism cannot
respond to the appropriate signalling mechanisms. L-Lysine can be produced
in this manner by the mutated bacterium Brevibacterium flavum.22

Industrial production of L-lysine from the synthetic unit DL-o-
aminocaprolactam (11) utilises enzymatic processes.23 Biotransformation of
L-a-aminocaprolactam with L-aminocaprolactam hydrolase produces L-lysine
and the resulting D-aminocaprolactam is recycled by the enzyme o-
aminocaprolactam racemase (Scheme 8).
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Scheme 8 Commercial Production of L-Lysine

Chemical synthesis of the ‘natural’ amino acids is generally less useful
because of the requirement for enantiomerically pure material. Although the
field of asymmetric synthesis is well developed, the cost of chiral auxiliaries
and catalysts counter the viability of this methodology for commercial purpose.
Chemical synthesis is however very useful for the synthesis of ‘unnatural’ and
novel amino acids. The synthesis of novel amino acids is very important in
enzyme chemistry. Many enzyme metabolites are amino acids and the
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synthesis of novel analogues of enzyme substrates is key to the study of the
behaviour of an enzyme. Indeed, the synthetic work involved in our studies of
the enzymes DHDPS and DHDPR has been almost exclusively in the field of
amino acid chemistry. Lysine can be synthesised by a number of classical
chemical procedures for the synthesis of a-amino acids such as alkylation of
glycine derivatives; the Strecker synthesis and Curtius, Hofmann and Schmidt
rearrangements. The synthesis of a-amino acids will be reviewed in the next
chapter. Resolution of ‘natural’, ‘unnatural’ and novel racemic a-amino acids
can be achieved by enzymic and diastereomeric derivatisation techniques. In
our work we have utilised the enzymic resolution of N-acetylated amino acids
by the enzyme porcine kidney acylase (PKA) and we will discuss this in the
following chapters.

2.04 Biosynthesis of L-Lysine

The biosynthesis of L-lysine in nature is observed via two mutually
exclusive pathways.24 The a-aminoadipate (AAA) pathway (Scheme 9) is
adopted in yeasts and fungi and the diaminopimelate (DAP) pathway
(Scheme 11) is found in bacteria and higher plants. In the next section we
will briefly discuss the AAA pathway. The remainder of this chapter
concentrates on a detailed review of the DAP pathway.25

2.05 The AAA Biosynthetic Pathway to L-Lysine

The starting point for the AAA pathway is 2-oxoglutarate (12), a product
of the Krebs cycle. Labelling studies with 14C-acetate in Saccharomyces
cerevisiae®® and Torulopis utilis?” have shown that the carbon skeleton of this
important metabolite is derived from acetate units. The first step of the AAA
pathway involves carboxylation of 2-oxoglutarate with acetyl-CoA to form
homocitrate (13). Homocitrate is isomerised to homoisocitrate (15) by
dehydration to homoaconitate (14) and subsequent rehydration. Oxidation, by
NAD+, and decarboxylation gives o-ketoadipate (16). The key amino acid
intermediate o-aminoadipate (17) is produced by aminotransfer to o-
ketoadipate from glutamate and reduction. Regiospecific reduction gives o-
aminoadipate semialdehyde (18), which undergoes condensation with
glutamate and further reduction to give saccharopine (19). Lysine (4) and 2-
oxoglutarate (12) are then produced from saccharopine by reaction with
NAD+.
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2.06 The DAP Biosynthetic Pathway to L-Lysine

In Chapter 1 we mentioned that lysine, asparagine, methionine,
threonine and isoleucine belong to the aspartate family of amino acids
(Scheme 10). Aspartate (20) is derived from oxaloacetate via the citric acid
cycle. In plants and bacteria, lysine is synthesised from aspartate by the
diaminopimelate pathway. The basic carbon skeleton of lysine is formed by
the condensation of aspartate and pyruvate (21) units. Biosynthesis of the
aspartate family of amino acids involves the formation of the common
intermediate aspartate-B-semialdehyde (23).28 This important metabolite
results from selective phosphorylation and reduction of aspartate, catalysed by
aspartate kinase and aspartate semialdehyde dehydrogenase, respectively
(Scheme 10). At this point the biosynthetic pathway branches. Biosynthesis
of lysine proceeds through a chain extending condensation with pyruvate. The
other amino acids are biosynthesised via homoserine.
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Scheme 10 The Aspartate Family of Amino Acids

The DAP biosynthetic pathway to L-lysine is illustrated in Scheme 11.
L-Dihydrodipicolinate synthase (DHDPS) catalyses the condensation of L-
aspartate-B-semialdehyde (L-ASA) (23) with pyruvate (21) to produce L-2,3-
dihydrodipicolinic acid (L-DHDPA) (24).2° Recent X-Ray and NMR studies by



Blickling and co-workers30 have shown that the product of DHDPS at pH
values above 9 is (2S5,4S)-4-hydroxy-2,3,4,5-tetrahydrodipicolinic acid
(HDPA) (33) (Scheme 14). Rapid decomposition of HDPA was noted at
physiological pH. UV studies suggest that the decomposition proceeds by
dehydration and subsequent oxidation to the stable aromatic derivative
dipicolinic acid (DPA) (28).
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Scheme 11 The DAP Biosynthetic Pathway to L-Lysine

28



The second step of the DAP pathway involves reduction by
nicotinamide adenine dinucleotide phosphate (NADPH) under catalysis by the
enzyme L-dihydrodipicolinate reductase (DHDPR) to L-2,3,4,5-
tetrahydrodipicolinic acid (L-THDPA) (25). It is not certain if the substrate of
the second enzyme is HDPA (33) or L-DHDPA (24), although rapid
dehydration at physiological pH is likely.

At this point the pathway splits; there are three known pathways to
meso-DAP (27) and L-lysine (4). The succinylase31.32 and
dehydrogenase33.34.35 pathways are illustrated in Scheme 11. The third is
the acetylase36 pathway which differs from the succinylase pathway only in
that an acetyl group is transferred on ring opening of THDPA (25). Dual
pathways are known to occur in some bacteria. The bacteria Corynebacterium
glutamicum3? and Mycobacterium bovis38 are known to utilise both the
succinylase and dehydrogenase pathways from THDPA (25) to meso-DAP
(27) and lysine (4) and Bacillus maceranas3® is known to use both the
acetylase and dehydrogenase pathways.

In the dehydrogenase pathway L-THDPA is converted directly into
meso-DAP (27) by the enzyme meso-diaminopimelate dehydrogenase.

The first step of the succinylase pathway is the L-tetrahydrodipicolinate
N-succinyltransferase catalysed succinylation of L-THDPA by succinyl-
coenzymeA. Subsequent amination by L-glutamate is catalysed by the
enzyme N-succinyi-LL-diaminopimelate aminotransferase. Desuccinylation,
catalysed by the enzyme N-succinyl-LL-diaminopimelate desuccinylase,
produces LL-diaminopimelic acid (27), which is selectively epimerised to
meso-DAP (28) by the enzyme meso-diaminopimelate epimerase. meso-
DAP (28) is common to all three pathways and is selectively decarboxylated
to L-lysine (4) by the enzyme meso-diaminopimelate decarboxylase.

The later branching of pathways makes the search for potent inhibitors
of the first two enzymes of the DAP biosynthetic pathway to L-lysine and meso-
DAP particularly attractive. By inhibiting the pathway prior to the branching
point we have potential for broad spectrum antibacterial activity.

2.07 Inhibition of Lysine Biosynthesis

A good understanding of a biological system can be of great advantage
if we wish to utilise it. By far the most common example of this is the design of
enzyme inhibitors for the purpose of blocking biological reactions. A very large
proportion of modern day chemotherapeutic medicines rely on specifically
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inhibiting undesirable biological transformations in the body. Similarly,
enzyme inhibitors play an important role in agriculture, for the same reason.
Understanding of a biological system can also be of great use to the
biochemist and geneticist in manipulating the overexpression of a desired
protein for isolation and purification. Indeed, we have relied heavily on our
biochemical colleagues for the isolation and purification of the DHDPS and
DHDPR enzymes for our studies.

The biosynthesis of lysine in plants and bacteria is not fully understood.
The earlier enzymes of this pathway, namely the condensing enzyme
dihydrodipicolinate synthase (DHDPS) and the reductive enzyme
dihydrodipicolinate reductase (DHDPR), have received little attention. Our
studies have concentrated on the first two steps of this biosynthetic pathway,
catalysed by DHDPS and DHDPR. Labelling studies have confirmed the
occurrence of meso-2,6-diaminopimelic acid (meso-DAP) (38) in the pathway
to lysine in pea chloroplasts.4? meso-DAP is utilised in the cell wall
biosynthesis of many Gram positive and Gram negative bacteria. meso-DAP is
attached to a N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG)
polymer via a short peptide unit and is employed in a cross-linking role
between pentapeptide units (Scheme 12). This key role of meso-DAP lends
mechanical strength to the bacterial cell wall.4!

NAM — NAG ;'[ }_ Nﬁ,«M NAG L"‘[

{
L-Ala L-Ala
P-Gln p-GIn
DAP-Gly—Gly—Gly—Gly—Gly DAP-Gly—Gly—Gly—Gly—Gly
l?-Ala D-Ala
D-Ala D-Ala
D-fla Transpepidase
NAM [ NAG —{ NAM | NAG
Bl
L-Ala L-Ala
D-Gin D-Gin
DAP-Gly —Gly — Gly — Gly — Gly —D-Ala- DAP- Gly— Gly — Gly — Gly — Gly
D-Ala
D-Ala

Scheme 12 Bacterial Cell Wall Biosynthesis
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Clearly in the DAP biosynthetic route to L-lysine we have all the
attributes for targeting for antibacterial agents. Firstly, the amino acid is
‘essential’ for mammals and must therefore be supplied as part of the diet.
Consequently enzyme inhibitors of the DAP pathway are likely to display fow
levels of mammalian toxicity. Secondly, by inhibiting the production of meso-
DAP, we are denying the bacteria a key metabolite. Analogies can be drawn
with the mode of action of the penicillin antibiotics where disruption of the
bacterial cell wall biosynthesis results in osmotic stress and ultimate cell
rupture.

2.08 DHDPS as a Biotransformation Catalyst

Another area of growing interest in enzyme chemistry is study of
biotransformations with unnatural substrates. The DHDPS enzyme is of
particular interest here because there are relatively few known enzymes which
catalyse carbon-carbon bond formation with unnatural substrates.42 |t is
understandable that achieving this goal with the high regioselectivity and
stereoselectivity and mildness of conditions commonly associated with
enzymes is of great value in organic chemistry.

One problem encountered in using isolated enzymes such as purified
DHDPS is the regeneration of co-factors. In some cases this problem has
been solved on a scale of several moles of substrate. The condensation
catalysed by DHDPS involves imine formation between amino and ketone
groups followed by aldol condensation and dehydration between an activated
methyl group and an aldehyde. This process involves the loss of two
molecules of HoO and does not involve any co-factors. Another factor in our
favour is that the product of the condensation, the thermodynamically
disfavoured DHDPA, is rapidly oxidised in air to the aromatic derivative
dipicolinic acid. This forces the conversion of substrates into product to
completion but unfortunately removes the stereocentre in the process. Recent
studies30 suggest that keeping the pH above 9 will preserve the S-
stereochemistry at both the 2 and 4 positions.

Because of the high substrate selectivity displayed by enzymes,
inhibitors and unnatural substrates are very commonly closely related
structural analogues of the natural substrates. In the following chapters we will
discuss the synthesis of the natural substrates of the DHDPS and DHDPR
enzymes and the synthesis of potential substrates and inhibitors modelled on
each of the natural substrates.
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2.09 Dihydrodipicolinate Synthase (EC 4.2.1.52, dapA)

Characterisation of DHDPS has been achieved from bacteria and a
range of plants including maize seedlings (Zea mays L.),43 spinach (Spinacia
oleracea)** and wheat germ (Triticium aestivum). The enzyme has been
purified from wheat cell suspension cultures, tobacco leaves (Nicotiana
sylvestris) and bacteria (E. colR9). The protein has been sequenced in E. colj,
C. glutamicum, wheat and maize45.46 and has been shown to exist as
homotetramers with four identical sub-units.

For our studies we have used DHDPS purified from E. coli and are
grateful to our biochemical colleagues here at Glasgow University for the
overexpression and purification of both the DHDPS and DHDPR enzymes
from this source. Purification of DHDPS of over 5000 fold from crude cellular
extracts of E. coli W was first performed by Shedlarski and Gilvarg.2® They
were able to study the enzyme and found that it was indeed a homotetramer
comprising of four identical subunits. The molecular weight of the sub unit was
determined to be 33 000 by SDS polyacrylamide gel electrophoresis.4’ The
amino acid sequence#*5 shows an absence of the amino acid methionine from
the protein. The nucleotide sequence of the dapA gene locus predicts that the
molecular weight of the protein produced from that gene sequence should be
in the region of 31 372. The molecular mass of the native protein was
estimated by the more gentle technique of gel permeation chromatography.
The molecular weight obtained by this technique was 134 000; in agreement
with the proposed existence of a tetrameric native form of DHDPS.29.47,48

Purification of DHDPS from pea (Pisum sativum) was achieved by
Schar and co-workers.49 The protein from this source proved to have some
interesting characteristics. The protein is a homotrimer of molecular weight
127 000 and sub-unit molecular weight 43 000. It was found that the native
protein contained 22 units of methionine in its composition, compared to zero
in the composition of E. coli DHDPS. This suggests that these DHDPS
enzymes are of a different evolutionary origin. Interestingly, the initial step of
the enzymic mechanism was found to be common, namely, the formation of a
Schiff base between pyruvic acid and the enzyme.
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2.10 Purification of DHDPS

A typical purification procedure for DHDPS, summarising the relative
activity after each step, is detailed in Table 2. This method for the purification
of E. coli DHDPS was elucidated by Borthwick,47:50 a former biochemical co-
worker here at Glasgow University. The cells were grown by incubation of an
overproducing strain of E. coli (MV1190/pDA2) in MM63 minimal growth
medium supplemented with ampicillin at 30 °C for 48 h. The cells were broken
in a French press at 95 MPa and centrifuged to remove particulate matter.
Heating to 70 °C and further centrifugation removed further unwanted
proteinogenic material. The sample was then chromatographed on an DEAE-
Sephacel anion exchange resin, eluting with an increasing gradient of
potassium chloride (0.1 to 1.0 M). The fractions showing DHDPS activity by
UV assay were pooled and concentrated by dialysis. Ammonium sulfate was
added to a final concentration of 0.5 M and the sample was further
chromatographed on a phenyl-Sepharose column (hydrophobic interaction).
The column was eluted with a decreasing linear gradient of potassium
chloride (0.0 to 0.5 M) then fractions were pooled and dialysed as previously.
Final chromatographic purification on a Mono-Q FPLC column (HR 10/10) was
carried out by eluting with a two phase gradient of 0.1 to 0.5 M potassium
chloride over 20 minutes and then a gradient of 0.1 to 0.5 M for a further 40
minutes. The active fractions were pooled and dialysed once more and then
stored as a 50% buffered aqueous / glycerol solution at -20 °C. the overall
purification using this method was 49 fold. The enzyme can be obtained free
from glycerol by centrifugation in a Centricon, a membrane filtration device,
washing with approximately 4 ml of water.

Volume | Conc. Total | Activity | Specific Yield | Purification
(mf) (mg/ml) | (mg) (LU.) | Activity (%) | (fold)
Step (units/mg)
Crude 38 31 1180 1240 1.1 100 1.0
extract
Heat step 30 10 300 940 3.1 75 3.0
DEAE- 170 043 72 2710 38 218 35
Sephacel
Phenyl- 192 0.25 48 2110 44 170 42
Sepharose
Mono-Q 35 1.0 35 1820 52 146 49

Table 2 Purification of DHDPS from E. coli (MV1190/pDA2)
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2.11 Characterisation of DHDPS Activity

Three assay systems have been developed to monitor DHDPS activity.
The first involves monitoring the interaction between the enzymic product,
DHDPA, and o-aminobenzaldehyde at 540 nm (OAB assay).5! The self
condensing nature of o-aminobenzaldehyde, the chemical instability of
DHDPA and the unidentified nature of the adduct make this a rather
ambiguous assay. For this reason we have not used it in our studies.

The second and most commonly used assay invoives monitoring the
production of the aromatic compound dipicolinic acid (DPA) (28) at 270 nm
(synthase assay). DPA is produced by spontaneous air oxidation of
DHDPA (24) (Scheme 13). In Chapter 6 we will detail the limitations of this
assay for inhibition studies. We will also briefly mention our development of a
related new assay system for the qualitative detection of substrate activity with
DHDPS. This assay involves in situ deprotection of N-acetylated amino acids
with the enzyme porcine kidney acylase (PKA) and is useful for unstable

substrates.
Dihydrodipicolinate X
Synthase (DHDPS)
> Z

- \\\\\“' C

+

) OQC‘:\I\“‘ NHz* (o)

L-ASA (23) pyruvate (21) L-DHDPA (24)
L Dihydrodipicolinate
air oxidation Reductase (DHDPR)
NADPH
/(j\
/ _ _ \\\"' /
HO,C u+ CO, o.Cc® u+ COzH
DPA (28) L-THDPA (25)
Synthase Assay Coupled Assay
Monitor production of Monitor consumption of
(28) at 270 nM NADPH at 340 nM
Scheme 13 Established Assay Systems for DHDPS and
DHDPR

The third assay is a coupled assay system involving both the DHDPS
and DHDPR enzymes (coupled assay). In this assay the consumption of the
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co-factor, NADPH, is monitored at 340 nm (Scheme 13). This assay is not
subject to the same limitations as the previously mentioned synthase assay
and has proved to be of great value in our studies. Limitations arise in
inhibition studies when we wish to determine the competitive nature with
respect to the second enzyme, DHDPR. In Chapter 6 we will detail our work on
a new assay system for the DHDPR enzyme alone.

Using these assay systems with DHDPS derived from a number of
sources the Ky, value for ASA (23) has been found to vary between 0.4 mM
and 3.1 mM. The Ky, value for pyruvate (21) varies between 0.5 mM and 11.8
mM. Kinetic studies in E. coli,52 wheat53 and maize54 (Z. mays L.) suggest that
the enzymic reaction involves binding of pyruvate (21), with loss of a
molecule of water, followed by the binding and condensation with ASA (23).
In E. coli DHDPS displays Ping Pong BiBi kinetics.29,48.53

2.12 Mechanistic Studies on DHDPS

Electrospray Mass Spectrometry (ESMS) is a mild method of studying
compounds with large molecular masses. The technique involves formation of
polycations by the polyprotonation of the compound in a 0.2% formic acid
solution in water/acetonitrile (1:1). A fine spray of this solution is then
introduced into the mass spectrometer under high vacuum. Under these
conditions the solvents are rapidly evaporated, leaving the ‘dry’ polycationic
species. The polycations are then deflected by an electrostatic/magnetic field
for detection. This technique is also of use for large molecules other than
peptides, such as nucleic acids and man-made polymers and macrocycles. An
illustration of an ESM spectrometer is shown in Figure 11.

Electrostatic
lenses

1

Quadrupole
mass spectrometer
/Y E

’1 i
First pumping Second pumping
stage stage

Figure 11 An Electrospray Mass Spectrometer

Cylindrical
electrode
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Using ESMS it has been established that the first step in the biological
reaction catalysed by DHDPS is the binding of pyruvate to a lysine residue on
the enzyme50 (Scheme 14). It is known that pyruvate (21) binds via the -
amino group of lysine residue-161 in E. coli DHDPS.29.,48,53

One problem associated with the detection of any reaction intermediate
is the short lifetime and low concentration of these states. Although
observation of the first formed DHDPS/pyruvate imine intermediate (29) can
be observed by ESMS as a very weak signal, the imine (29) can be
selectively reduced by NaBHy, irreversibly binding the pyruvate to the enzyme
(Scheme 14). As a result, the chemically reduced enzyme intermediate (30)
can be easily observed by ESMS (Figure 12). The parent enzyme has a
molecular weight of 31 272. The reduced intermediate (30) has a molecular
weight of 31 344. The peak at 31 404 Daltons in the electrospray mass
spectrum is presently unidentified.

L CEA (%)

Chemical reduction 1

with NaBH,

COy  *H3N CO,
(31) (23)
OH l
H+
NHz N NHz*
g/ e i Y\{Y 3
X . i
“0,C N+ CO.H COz;” OH CO,
(33) (32)
Scheme 14 Study of the Mechanism of the Condensation

Catalysed by DHDPS
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The observation of the binding of ASA (23) to DHDPS by ESMS has
been rather inconclusive, either with ASA on its own, with pyruvate, or with the
reduced intermediate (30). As a result little is known about the binding of ASA
to form the condensed intermediate (32). Chemically reducing the
intermediate (29), or the enamine (31), blocks condensation with the ASA.
Early evidence suggests that the ASA may bind with this deactivated complex
(30). Further investigation of this is required. The cavity that accommodates
ASA could interact through a covalent or an electrostatic binding mechanism.
The early evidence indicates a covalent binding. However, if the aldehyde
group is held as an imine, then trapping it with NaBH4 should be possible.
Clearly there are too many possibilities to draw any firm conclusions. It is likely
that the ASA-bound intermediate is too short lived for detection or trapping
and it is notable that the imine intermediate (32) has also not been observed.
X-Ray studies of Blickling and co-workers30 have however given some clues
to this binding (see Scheme 15).

Blickling and co-workers30 further identified the product of the
condensing enzyme at pH 9 as (25,4S5)-4-hydroxy-2,3,4,5-
tetrahydrodipicolinic acid (HDPA) (33). This was achieved using 1D and 2D
'H and 13C NMR spectroscopy. Labelling studies with pyruvate, [3-13C]-
pyruvate and [2,3-13C]-pyruvate allowed them to assign the signals. The
assignment of TH NMR signals for unlabelled HDPA is illustrated in Figure
13.

/ Ha 2.8 ppm (dd, J 18, 6 Hz)
1.3 ppm M

He 2.0 ppm

He 4.0 ppm

Figure 13 Assignment of 'TH NMR Signals for HDPA (33)
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2.13 The Crystal Structure of DHDPS

The crystallisation and elucidation of the three dimensional structure of
E. coli DHDPS has been achieved at 2.5 A resolution by Huber and co-
workers55 (Figure 14). The active site is a cavity formed by two monomers.
Pyruvate binding residue Lys 161 lies at the bottom of a cavity 10 A wide by 30
A long. The entrance to this cavity is formed by two aspartate residues (Asp
187 and Asp 188). Interestingly, this adjacent aspartate relationship is
common in all known DHDPS sequences. This implicates an important
mechanistic role for this grouping.

Figure 14 The Crystal Structure of E. co/i DHDPS

X-Ray studies by Blickling and co-workers30 involving DHDPS with
pyruvate and pyruvate/succinate-f-semialdehyde identified the key
interactions of the amino acid residues: Thr 44; Thr 45; Try 107; Try 133; Lys
161; Gly 186 and lle 203. The binding role of these residues for the proposed
biosynthetic mechanism are summarised in Scheme 15. Isoleucine residue
203 is considered to play a catalytic role in enamine formation from B prior to
aldol condensation with ASA. The binding of the OH group of the condensed
intermediate C was determined by experiments using pyruvate and succinate-
B-semialdehyde.
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2.14 Activity of DHDPS with Unnatural Substrates

A number of substrate analogues of DHDPS have been investigated as
inhibitors. The enzyme has proved to be highly substrate specific. Pyruvate
analogues such as phosphoenolpyruvate, phenylpyruvate, a-ketobutyrate, o-
ketoglutarate, oxaloacetate and fluoropyruvate are not recognised by the
enzyme. Analogues of L-ASA such as N-acetyl-ASA,5' succinate
semialdehyde,>t and D-ASAS¢ also show no activity.

The best inhibitor of DHDPS reported to date is acetopyruvic acid (34),
Ki 5 uM.57 This compound has structural similarities with both ASA and
pyruvate. Acetopyruvate exists in a number of tautomeric forms (Scheme 16)
and is a less effective inhibitor at pH values above 8. This suggests that the
most effective tautomer is in greater concentration at lower pH values.

0 o) O HO
/N\/u\,‘/o— D S 0
(39 O 0
OH O OH ©O
O = \ O
o) 0
Scheme 16 Tautomerisation of Acetopyruvate

Bromopyruvic acid was found to inhibit DHDPS (Ki 1.6 mM for E. coli
and 1.8 mM for wheat).58 Coggins and co-workers showed by ESMS that it
was possible to mono-alkylate DHDPS with four equivalents of this acid and
that the enzyme retained 72 % activity under these conditions.5C This suggests
that alkylation occurs close to but not at the active site. Treatment with an
excess of bromopyruvic acid resulted in further alkylation (ESMS) and
significant inhibition of activity.

Dipicolinic acid inhibits the E. coli DHDPS with an ICgq of 1.2 mM.48
This prompted a systematic investigation of numerous heterocyclic analogues
of both dipicolinic acid (28) and DHDPA (24) by our group in Glasgow.5°
Substituted pyridine and piperidine derivatives were found to show moderate
inhibition of E. coli DHDPS with ICg0 values of less than 1 mM (Figure 15).
The best of the inhibitors were the dinitrile (36), the N-oxide (37) of pyridine-
2,6-dicarboxylic acid, the diimidate (38), the ditetrazole (39) and chelidonic
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acid (41). Detailed kinetic studies®? showed that compounds (36) and (37)
were non-competitive inhibitors with respect to either substrate. The X-Ray
studies of Blickling and co-workers30 showed that DPA (28) does not bind
directly into the active site but does however coordinate with mechanistically
important residues Thr 44 and Tyr 133. The studies also showed that esters
were poorer inhibitors than their acid congeners; a planar distribution of the
substituents was preferred around the nitrogen atom; and that mono-
substituted ring systems also displayed poorer inhibition. /n vivo studies of
both DPA (28) and chelidonic acid (41) have shown inhibitory activity against
the fungus Phytophthora infestas.8?

ROoC N CO:R NC N CN HO-C N"’ COpH
o
(28)R=H, I1C,0.46 mM (36) 1C5 0.30 mM (37) 1Cs 0.25 mM
(35) R=Me, IC; 4.6 mM
= 7z I
MeO Ax OMe H ™ H
N / N \
NG | N
*HoN NHz* \N/ N N— N/
(38) IC4 0.20 mM (39) ICs 0.25 mM
0] O
HO-C N7, COy HO.C O CO.H
2
(40) ICx 3.2mM (41) 1C5 0.30 mM

Figure 15 Heterocyclic Inhibitors of DHDPS

Lysine plays a regulatory role in plants and some bacteria. In wheat
DHDPS L-lysine is a weak competitive inhibitor with respect to ASA. In the
bacteria E. coli and B. sphaericus, {Csg values of 1 mM and 0.6 mM were
observed, respectively.62 L-lysine binds at the interface of two monomers of E.
coli. DHDPS.30 Two lysine molecules are involved, in contact with both
monomers and with each other. This interaction causes an appreciable
conformational strain on the protein structure. Inhibition by L-lysine has not
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been observed in other bacterial stains.63 L-Lysine is a potent allosteric
inhibitor of a range of plant DHDPS enzymes (Table 3).

Plant ICs50 (LM)
wheat germ%4 11
tobacco®5 ' 15
spinach66 20
maize>4 23
wheat53 51

Table 3 Allosteric Inhibition of DHDPS by L-Lysine

L-Lysine analogues such as threo-B-hydroxy-L-lysine (42) and (2-
aminoethyl)-L-cysteine (AEC) (43) show similar patterns of activity, but to a
lesser extent. For wheat, compound (42) is inhibitory with an ICsq of 141 uM,
as is AEC (43) with an I1Csg of 288 uM.53 Other plant DHDPS enzymes show
similar patterns of inhibition: AEC (43) inhibits DHDPS from tobacco87 with an
ICs50 of 120 uM, and the enzyme from spinach with an ICsp of 400 uM.64

OH

CO,H HzN\/\ COLH
\/\/\‘/ s /Y
NHp

NH
(42) (43)

HaN

2.15 Dihydrodipicolinate Reductase (EC 1.3.1.26, dapB)

Dihydrodipicolinate reductase (DHDPR) catalyses the reduction of 2,3-
dihydrodipicolinic acid (DHDPA) (24) to 2,3,4,5-tetrahydrodipicolinic acid
(THDPA) (25) (Scheme 11) by hydride transfer from NADPH. This enzyme
has been purified from E. coli,68.69 maize,’0 and Bacillus spp.7? DHDPR
activity has also been detected in Chlamydomonas, corn, soybean and
tobacco.”2 The E. coli dap B gene has been sequenced by two groups. The
resulting peptide is predicted to have 273 amino acid units’3 and a molecular
weight of 28 798. Overexpression, in E. coli, and subsequent ESMS studies
on the protein have shown the molecular weight to be 28 758 + 8.74 The native
protein is a homotetramer. The maize enzyme shows similar behaviour
towards substrates and inhibitors but has a molecular weight of approximately
80 000 for the native protein.”®



2.16 Characterisation of DHDPR Activity

DHDPA is stable only if stored in basic solution at pH values greater
than 10. The instability of the substrate DHDPA (24) makes the task of
monitoring DHDPR activity rather difficult. DHDPA rapidly undergoes air
oxidation to DPA (28). Indeed, it is this oxidative process that is utilised in the
synthase assay for DHDPS activity.

Two assay systems have been developed for DHDPR involving the
synthesis of DHDPA. L-DHDPA (24) has been synthesised chemically’? by
the condensation of L-ASA (23) with oxaloacetic acid (44) in alkaline solution
(Scheme 17). L-DHDPA was precipitated as its barium salt. The compound
was unstable and was stored at -80 °C. Only freshly prepared samples could
be used in assays. Kimura’® synthesised DPA (28) by the direct condensation
of ASA and pyruvate in alkaline solution. DPA was only produced when an
aliquot of the reaction mix was incubated at 37 °C and pH 6.1 for 60 min. it
was proposed that the formation of DPA under these conditions was by a
disproportionation reaction of DHDPA. The final yield of DPA was enhanced
by the presence of HgCly in the reaction mixture. It was considered that the
mercuric ions were acting as electron acceptors in the oxidation of DHDPA to
DPA.

0]
HO,C
"' NaoH -
+ —

+ - X -
HO,C o) H3N CO; HOLC u+ CO»

(44) L-ASA (23) L-DHDPA (24)

Scheme 17 Chemical Synthesis of L-DHDPA

Shedlarski and Gilvarg?9 synthesised L-DHDPA enzymically by the
DHDPS-catalysed condensation of L-ASA (23) and pyruvate (21). We have
already mentioned this method for monitoring DHDPS activity in section 2.11
(coupled assay) and acknowledged limitations in quantifying results from
combined enzyme systems. Shedlarski and Gilvarg suggested that the
product of condensation of L-ASA (23) and pyruvate (21) is the heterocyclic
compound 2,5-dihydrodipicolinic acid (45) in equilibrium with 2,3-
dihydrodipicolinic acid (24) and 4-hydroxy-2,3,4,5-tetrahydrodipicolinic acid
(33) (Scheme 18). The recent mechanistic studies30 suggest that the latter,
(33), is the immediate enzymic product. Dehydration of compound (33) at
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physiological pH is a rapid process and would likely lead to the
thermodynamically favoured compound (24). Furthermore we would
acknowledge a likelihood of the presence of the conjugated enamine, 1,2-
dihydrodipicolinic acid (46).
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Scheme 18 Products of the Condensation Catalysed by
DHDPS

In the two assay systems using DHDPR, activity is assessed
spectroscopically by the consumption of the co-factor NADPH at 340 nm. The
instability of DHDPA makes both of these assays of rather limited value. In our
studies we noted that at the preferred substrate solution pH (> 10) the activity
of DHDPR is significantly lowered. For these reasons we have developed a
new assay system involving the reverse reaction of DHDPR with its natural
product L-THDPA (25) and co-factor NADP+ (reverse reductase assay).
The L-DHDPA (24) produced by this process is irreversibly oxidised to DPA
(28), thus driving the process to completion. The assay can be monitored
spectroscopically by the production of NADPH at 340 nm or by the production
of DPA (28) at 270 nm (Scheme 19). The synthesis of THDPA is important
for the study of the DHDPR enzyme and as a substrate of the
tetrahydrodipicolinate-N-succinyl transferase and meso-DAP dehydrogenase
enzymes. Shapshak’6 claimed to have made D-THDPA by the treatment of DL-
DAP (27) with the L-amino acid oxidase from Neurospora crassa.
Unfortunately no chemical or spectroscopic evidence of the formation of D-
THDPA was provided. Kimura and Sasakawa’’ reported the formation of DL-
THDPA (49) and DPA (28) by the disproportionation of 1,4-dihydrodipicolinic
acid (48), formed by treatment of ao’-dioxopimelic acid (47) with ammonia,
either in the presence or absence of oxygen (Scheme 20). NMR spectra of
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the products of this reaction produced in the absence of oxygen showed a
mixture.”8 |solation of the required product proved impossible.

air
DHDPR oxndatlon
T Z NADP+ =
0°C H . COsH

L-THDPA (25) L-DHDPA (24) DPA (28)
Production of NADPH can Production of (28) can
be monitored at 340 nM be monitored at 270 nM

Scheme 19 Development of a New Assay for DHDPR Activity

[
F ) F
HO,C 'r* CO, HO2C ”+ co

(28) (49)

Scheme 20 Kimura and Sasakawa Synthesis of DL-THDPA

These problems were some of the first encountered in the project by our
previous group members. After extensive research, a new chemical synthesis
of racemic THDPA as its stable dipotassium salt (52), involving the
elimination of p-toluenesulfinic acid from dimethyl cis-N-tosyl-piperidine-2,6-
dicarboxylate (51) by tert-BuOK was established78.79 (Scheme 21).
Detailed study of the product by NMR spectroscopy showed it to exist in
equilibrium with the enamine (53) and the open chain form (54) in the ratio
2.8:3.7:1, respectively. We have used this synthetic method for producing
THDPA for the development of our reverse reductase assay.
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Scheme 21 Synthesis of THDPA

2.17 Mechanistic Studies on DHDPR

Production of significant quantities of DHDPR from an overexpressing
strain of E. coli allowed Reddy and co-workers to investigate the enzymic
mechanism.®0 |t was found that the enzyme could utilise both NADH and
NADPH as a co-factor. NADH was the better cofactor with a Ky (1.6 uM)
approximately four times lower than that obtained for NADPH (5.6 uM). This is
unusual because the rate of reaction with NADPH was approximately twice
that observed when NADH was used (Ve 100 for NADPH and 62 for NADH).
Previously, tritium labelling studies had proved that NADPH donates its pro-R
hydrogen to DHDPA (24). Reddy and co-workers investigated the position of
hydride addition to DHDPA by deuterium labelling. DHDPA was reduced by
NADPD under DHDPR catalysis and the product was then carried through to
produce doubly deuterated meso-DAP (55), using meso-DAP
dehydrogenase (Scheme 22). It is known that meso-DAP dehydrogenase
transfers its pro-S hydrogen to the substrate to form the D-stereocentre.60

47



48

D
A DHDPR
Nz NADPD W
"0,C’ N7 TCOH "0,C N, TCOM
(24)
H,O
D COy’ D CO.H
. meso-DAP
"D Dehydrogenase 0
NHz*
o NADPD o
‘0,C” NH3* ‘0,C” NHz*
(55)

Scheme 22 Investigation of the Mechanism of DHDPR

Comparison of the 500 MHz TH NMR spectra of unlabelled (A) (27)
and labelled (B) (55) confirmed the donation of the pro-R hydrogen of
NADPD to the 4-position of L-DHDPA (24) (Figure 16). In the doubly
labelled sample (55) the signal at 5 1.83 ppm was not observed. The signal at
84.35 ppm has a very similar coupling pattern in each case but is only half the
intensity in the labelled sample. No attempt was made to distinguish the two
C-4 proton signals to determine the face of the deuterium delivery onto L-
DHDPA (24). Thus the proposed mechanism (Scheme 23) involves transfer
of the 4-pro-R hydride from the cofactor to the B-position of the aff-unsaturated
immonium ion, generating the enamine (56). Enzyme assisted protonation
and subsequent release completes the reduction of L-DHDPA 24) to L-
THDPA (25).

(56) \

N COH

H+

L-THDPA (25)

Scheme 23 Proposed Mechanism for DHDPR
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Figure 16 500 MHz TH NMR Spectra of Labelled (55) and
Unlabelled (27) meso-DAP’*

2.18 Crystal structure of DHDPR

The crystal structure of E. coli DHDPR and the bound NADPH co-factor
at 2.2 A resolution was reported by Scapin and co-workers.80 The
crystallisation was achieved for both the apoprotein and for the
protein/NADPH complex. It is thought that a group of positively charged
residues (His 159, His 160, Arg 161, His 162 and Lys 163) form the substrate
binding site. Theoretical studies with DHDPA showed that these residues
accommodate the substrate efficiently. A 30° rotation of the protein is required
to bring the substrate and co-factor together for reaction. Further
crystallographic investigations involving DHDPR with bound NADP+ and DPA
(28) are currently ongoing.



2.19 Inhibition of DHDPR

Dipicolinic acid (28) is a linear competitive inhibitor of E. coli DHDPR
with respect to DHDPA (24), with a K of 26 uM, and inhibits non-competitively
with respect to NADPH, with a K; of 330 uM. Inhibition by dipicolinic acid (28)
is taken as evidence that it is the cyclic form, and not any ring opened form, of
DHDPA (24) that is the substrate of the enzyme. Dipicolinic acid (28) was
also found to be an inhibitor of DHDPR isolated from maize with a K; value of
0.9 mM.70 As with the E. coli enzyme the maize DHDPR binds the product in its
cyclic form. A number of analogues of DHDPA (24) were also found to inhibit
maize DHDPR (Table 4).70 jso-Phthalic acid (57) showed moderate
inhibition with an IC5q value of 2 mM. Compounds with only one carboxylate
group such as pipecolinic acid (58) and picolinic acid (59) were much less
effective with ICsq values of greater than 20 mM. Pyridinedicarboxylic acids
such as 2,5-pyridinedicarboxylic acid (60) were found not to be inhibitory.

HO-C : CO.H

‘0,C ”2+
(57) (58) 7
I N ' N CO,H
"0,C N/ ‘0.C N/
O, N, G N
(59) (60)
Inhibitor % inhibition
20 mM 10 mM 5mM 1mM
Picolinic acid (59) 24 4 8 0
Pipecolinic acid (58) 23 30 0 0
Iso-phthalic acid (57) 44 20 0 0
Isocinchomeronic acid (60) - - 50 0
Dipicolinic acid (28) - - - 100
Table 4 Inhibition of Maize DHDPR

50



2.20 Alternative Targets for Inhibition of DHDPS/DHDPR

THDPA (24) is a substrate for the enzymes L-tetrahydrodipicolinate N-
succinyltransferase, meso-diaminopimelate dehydrogenase and L-
tetrahydrodipicolinate N-acetyltransferase. Competitive inhibitors and
substrates of these enzymes, particularly cyclic ones, are likely to show similar
binding characteristics with both the DHDPR and DHDPS enzymes. Efficient
binding into the active site of the enzyme is key to our search for potential
inhibitors and substrates.

2.21 L-Tetrahydrodipicolinate N-succinyitransferase
(dapD)

L-THDP N-succinyltransferase catalyses the ring opening succinylation
of L-THDPA (25) to the stable aliphatic derivative N-succinyl-a-amino-¢-

ketopimelic acid (61) (see Scheme 11). The co-factor succinyl CoA
supplies the succinyl group which serves to protect against recyclisation.

O CO2H 0]
HOZC/\/lk J\/\/”\ COLH

(61)

N
H

Berges et al.32 investigated a number of cyclic and acyclic substrate
analogues as inhibitors of L-THDP N-succinyltransferase. In general, the cyclic
substrate analogues were shown to be poorer inhibitors (Figure 17).

The trends noted here are very similar to those noted previously for
heterocyclic inhibitors of DHDPS (see Figure 14). DPA (28), chelidamic
acid (40) and chelidonic acid (41) show lower levels of inhibition in this case.
It was noted that the trans-isomers were better inhibitors than the
corresponding cis-compounds. 2-Hydroxytetrahydropyran-2,6-dicarboxylate
(62) was found to be a very potent inhibitor (K; 58 uM). it was proposed that
compound (62) may be a transition state analogue of the hydrated
intermediate (63). Related synthetic work in this area has been conducted by
Roberts et al.81
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CO.H HO,C X CO,H

X=NH (40), K; 2.6 mM
X=0 (41), K; 3.1 mM

OH

Y=H (62), K; 58 pM cis, Ki 12 mM

Y=0H, K; 200 pM

trans, K; 5.6 mM

Figure 17 Cyclic inhibitors of L-THDP Succinyltransferase

3,4-Dihydro-2H-1,4-thiazine-3,5-dicarboxylic acid (DHT) (64) and L-2-
aminopimelate (66) were found to be substrates of L-THDP
succinyltransferase (Table 5). The TH NMR spectrum of compound (64)
shows it to exist mainly as an enamine. Compound (64) has a Ky, value of 2
mM because only a very small proportion is present as the imine form (65)
(Scheme 24). The activity of compound (64) with the DHDPS and DHDPR
enzymes will be discussed in chapter 7. LL-a-Amino-e-hydroxypimelate (67)
and L-o-amino-D-g-hydroxypimelate were also shown to display good
substrate activity. Compound (67) was succinylated at 43% of the rate of (66)
and a stereoisomeric mixture was succinylated at 121% of the rate of (66).
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HO,C N CO,H
(64) (65)
NHg* NHz* OH
‘0.C COoH "0,C COoH
(66) (67)

Scheme 24 Substrates of L-THDP Succinyltransferase
Substrate Km(app) Vm(app)
THDPA (25) 20 uM 21 umol/min

(64) 2 mM 9.8 umol/min
(66) 1 mM 14 pumol/min

Table 5 Substrates of L-THDP Succinyitransferase

Berges et al.32 found that acyclic compounds were generally better
inhibitors of L-THDP N-succinyltransferase (Figure 18). D-2-Aminopimelate
(68) was a reasonable inhibitor with a K; value of 0.76 mM compared to 4.5
mM for pimelic acid (69). D- and L-Aminoadipic acid (70), DL-aminosuberic
acid (71) and D- and L-norleucine (72) were very poor inhibitors of the
enzyme. This indicates that both carboxylate groups are required for efficient
binding to the enzyme and the chain length is equally important. LL-DAP (26)
was found to be a poor inhibitor (Kj 19 mM) and meso-DAP (27) showed no
inhibition. Replacement of a methylene group with a sulfur atom had little
effect as DL-2-amino-5-thiapimelic acid (73) was found to have a K; value of
1.1 mM. D- and L-2-hydroxypimelic acid (74) and the conformationally
restricted compound, (2E,5E)-y-ketoheptadienedioic acid (75), were shown to
be good inhibitors with K; values of 0.19, 0.33 and 0.53 mM, respectively.
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Figure 18 Acyclic Inhibitors of L-THDP N-succinyitransferase

2.22 L-Tetrahydrodipicolinate

(EC 1.4.1.16, ddh)

Dehydrogenase

L-THDP dehydrogenase catalyses the direct conversion of L-THDPA
(25) into meso-DAP (27), utilising NADPH and ammonia (see Scheme 11).

Lam et al.82 investigated the activity of several DAP analogues against
L-THDP dehydrogenase from Bacillus sphaericus and LL-DAP epimerase from
E. coli. They found that the enzymes were both specific for the meso-geometry
of their natural substrates. The dehydrogenase enzyme was not appreciably
inhibited by a range of DAP analogues. LL-Lanthionine (76) was a weak
noncompetitive inhibitor with respect to meso-DAP with a K; value of 38 mM.
N-Hydroxy-DAP (77), N-amino-DAP (78) and 4-methylene DAP (79)
showed 22%, 4% and 4% substrate activity, respectively, compared to meso-
DAP.

meso-Lanthionine was a weak competitive inhibitor of the epimerase
enzyme with a K; of 0.18 mM, compared to 0.42 mM and 9.1 mM for the LL-
(76) and DD-stereoisomers respectively. N-Hydroxy-DAP (77) was found to
be a very potent inhibitor with a K; of 5.6 uM. N-Amino-DAP (78) also inhibited
with a Kj value of 2.9 mM.
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Abbott et al.83 conducted a similar study invoiving heterocyclic
analogues of THDPA (25) (Figure 19). Isoxazole (80) was found to be a
very potent competitive inhibitor of the dehydrogenase enzyme with respect to
THDPA (25) with a K; of 4.2 uM. The diastereoisomer (81) and imidazole
(82) were much poorer inhibitors showing only 13% and 7% inhibition at 1
mM. Interestingly compounds (83) and (84), lacking the side chains which
make them close analogues of DAP are very poor inhibitors (7.5% and 2% at
7.75 mM respectively). Heterocycles (80 to 84) were very much poorer
inhibitors of LL-DAP epimerase from E. coli.

‘0.C ‘0:C
m ----- 1} ‘
(80) (81)
‘0,C
HO,C i>_NH . HOLC HORC
3
(82) (83) (84)

Figure 19 Heterocyclic Inhibitors of L-THDP Succinyltransferase

The inhibition of DHDPS by simple isoxazoles (85 to 88) and their
open chain derivatives (89 to 91) was investigated by Dr J.E. McKendrick,84 a
former member of our group (Figure 20). The ring opening was achieved by
Pd catalysed hydrogenolysis of the N-O bond. These compounds also showed
low levels of inhibition (Table 6).
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Figure 20 Inhibitors of DHDPS

Compound Inhibition of DHDPS at 1 mM
(85) 8%
(86) 12%
(87) 11%
(88) 5%
(89) 5%
(90) 7%
(91) 9%

Table 6 Inhibition of DHDPS by Isoxazoles and Open-chain
Derivatives

2.23 Conclusion

In this chapter we have discussed the biochemical role played by of L-
lysine. The value of investigating the first two steps of the DAP biosynthetic
pathway to L-lysine has been in detailed. In the following chapters we will
consider the synthesis and biological evaluation of metabolites and
analogues of the DHDPS and DHDPR enzymes.



Chapter 3 Synthesis of Aspartate-f3-
semialdehyde and Analogues

3.01 Introduction

In this chapter we will briefly review the basic principles behind the
chemical synthesis of a-amino acids. The role of proctecting groups in amino
acid synthesis will be considered. The synthesis of aspartate-B-semialdehyde
(ASA) and analogues from allylglycine precursors will be discussed in detail.

L-Aspartate-B-semialdehyde L-(ASA) (23) plays a key role in the DAP
biosynthetic pathway to L-lysine (Scheme 11, Chapter 2). In Chapter 2 we
discussed the importance of ASA, derived from oxaloacetate via the citric acid
cycle. The amino acids lysine, methionine, threonine and isoleucine are
biosynthesised from L-ASA (23). Our studies in Glasgow have concentrated
primarily on the DHDPS catalysed condensation of ASA and pyruvate (21) to
produce the heterocyclic intermediate L-DHDPA (24). Purification of the
second enzyme of the DAP pathway, DHDPR, by our biochemical colleagues
here at Glasgow has allowed us to extend our studies over the last two years.

It is of fundamental importance to the detailed study of any enzyme that
a ready supply of the enzyme's natural substrates is available. These
substrates are required for biological testing and mechanistic studies. The
synthetic route may also allow us to make a number of analogues for testing
as potential enzyme inhibitors or substrates. We are fortunate in that one
substrate of the DHDPS enzyme, pyruvate, is a common metabolite and
readily available as its pure, water soluble, sodium salit.

The first synthesis of DL-ASA was reported in 1954 by Black and
Wright.85 Ozonolysis of DL-allylglycine (92) in 1M HCI at 0 °C produced the
required aldehyde. Black and Wright did not present any characterisation data
for the ASA they produced but showed it to be reduced by homoserine
dehydrogenase. In order to produce ASA in a form that could be isolated,
characterised and stored, a former member of our group, Dr D.W. Tudor
modified the Black and Wright synthesis. It was established that the purity and
stability of ASA is greatly enhanced if the starting material (92) was first
protected at both the acid and amine groups. After ozonolysis, the doubly
protected aspartate semialdehyde was deprotected using trifluoroacetic acid,
to yield the product as the stable trifluoroacetate salt of DL-aspartate-p-
semialdehyde hydrate (93), which was suitable for work with the DHDPS
enzyme56 (Scheme 25). The overall yield for the four step process from (92)
was 14%. Both stereoisomers of ASA have been prepared by this route from
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enantiomerically pure starting material. D-ASA was shown not to be a
substrate of E. coli DHDPS.56

In our work, further modifications of protecting groups and reaction
conditions have been implemented to optimise the purity of product and
reproducibility of the synthesis. This will be discussed in section 3.06.

|
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Scheme 25 Synthesis of ASA



3.02 Synthesis of Amino Acids

The number of naturally occurring non-proteinogenic amino acids is of
the order of 1000. Rapid expansion within the fields of chemical synthesis and
semisynthesis of natural products and automated synthesis of polypeptides on
solid supports ensure a constant demand for many amino acids. To satisfy this
requirement there is a need for reliable synthetic methods for their
preparation. Understandably, the research devoted to this task and detailed in
the literature is truly immense. There is of course no definitive right or wrong
way to set about the synthesis of a particular target and factors such as
stereochemical requirements, economics, scale and environmental
considerations must be taken into account. With so many options a good
starting point is the many literature reviews in this area.86 Notable in this
regard are the extensive studies of O’Donnell87 and Duthaler88 and the
textbooks of Williams8® and Jones.90

The stereospecific nature of most enzymes dictates the demand for
stereochemically pure material. As a consequence, for most applications in
this field, there is a requirement for enantiomerically pure building blocks. To
this end, the synthesis of amino acids is weighted towards asymmetric
techniques, although enantiomeric resolution by chemical or enzymic
methodology has appreciable value.

As the literature concerning the synthesis of amino acids is so
extensive, we will concentrate exclusively on a-amino acids, outlining the
principles of their synthesis. In section 3.04 we will briefly discuss some of the
asymmetric routes to allylglycines.

Principally, there are five ways to synthesise o-amino acids:
introduction of the acid group; introduction of the amino group; alkylation at the
o-position; derivatisation of suitably functionalised amino acids and

rearrangement of appropriate precursors.

Introduction of an Acid Group

The methods by which an acid group can be introduced during a
synthesis are limited. The Kolbe-Schmitt reaction utilises carbon dioxide as a
carboxylate synthon in the reaction with a phenoxide anion (Scheme 26). In
theory, this could be applied to the synthesis of amino acids, using a 1,3-
dithiane as the nucleophile and generating an a-keto acid after hydrolysis.
However, the role of the counter ion is very important in the Kolbe-Schmitt
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reaction. Chelation to the carbon dioxide serves to activate the electrophile
and generates a favourable six-membered transition state (94).

+

Na-._
o) ﬁ OH
',l(l; CO,” Na*
0
(94)
Scheme 26 The Kolbe-Schmitt Reaction

An alternative method, introducing the carboxylate group as the
nucleophile, utilises the cyanide anion. This is the basis of the Strecker
synthesis for amino acids, first reported in 1850.21 Condensation of ammonia
or a primary amine with an aidehyde yields an imine. Treatment with cyanide
and hydrolysis of the resulting o-aminonitrile yields the a-amino acid
(Scheme 27). This method is highly versatile provided the alkyl side chain
can withstand the reaction conditions, particularly the harsh conditions
required for hydrolysis. Acid hydrolysis is commonly preferred since basic
conditions would promote racemisation in asymmetric cases.

Carboxylate groups can also be intoduced by oxidation of primary
alcohols. Oxidation of 2-amino-2-alkylethanolic compounds could produce «-
amino acids. 2-Amino-2-alkylethanolic compounds could be produced by
basic hydrolysis of terminal aziridines.

NH NHz*
R H R H R CN R COy
Scheme 27 The Strecker Synthesis of a-Amino Acids

Introduction of the Amino Group

Amino groups can be introduced in the final step of a-amino acid
synthesis by addition of ammonia equivalents to a-keto or a-halo acids.
Halogenation o to an acid group can be easily achieved by a variety of
methods.92 Overalkylation is potentially a problem when using ammonia and a
number of alternative strategies may be considered to introduce primary
amino groups, such as: the Gabriel synthesis®3 (Scheme 28); addition of the
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azide anion followed by reduction; treatment with hexamethylenetetraamine94
(95) and subsequent cleavage in ethanolic HCI; reaction with bis-
(trimethylsilyl)amide®s (96) and hydrolysis.

Amino groups can be introduced as electrophilic species using 1-
chloro-1-nitrosocyclohexane (97). Standard enolate chemistry can thus be
employed to incorporate the amino group. Classical methodology by Oppolzer
et al .9 has been used to achieve this in an asymmetric manner.

0O
R DMF R
TP —
o) o)
NH, NH,
.
AcOH
HoN CO.P
Scheme 28 Amination of a-Halo Acids
— -l - Na+

@
LN
(95) = - (97)
(96)

VARN
U (93]
7 NN

Qé

Reaction between ammonia and highly reactive a-keto acids to yield an
a-imino acid is relatively straightforward. Mild reduction conditions, such as
NaBH,4, must then be chosen to reduce the imine selectively in the presence
of the carboxylic acid or equivalent group. A speculative method of achieving
this in an asymmetric manner, linked to the asymmetric Strecker synthesis of
Patel and Worsley,97 is illustrated in Scheme 29. In this case it is also
possible to introduce stereoselectivity at the final reduction step by catalytic
asymmetric hydrogenation.98
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Scheme 29 Amination of a-Keto Acids

Alkylation of Gilycine Equivalents

Modification of the carbon skeleton of glycine by alkylation can be
achieved by nucleophilic or electrophilic reactions of appropriate glycine
equivalents. N-Acylaminomalonates and N-benzylimino acid equivalents are
important nucleophilic glycine equivalents in this regard (Scheme 30).

NHAc

NHAc
/k P Na/EtOH R COLE
EtO,C COoEt R X COEt
1 Hydrolysis
NH3*

Decarboxylation R
R\/k = COy
COs COoH

Ph Ph R
PN R PP
X ™
Ph N N N CN

50% NaOH / Et,O Ph

(98) BTEAC
2M HCI
R R
/k 5% NaOH, A /k
THaN CO, CI' *HsN CN

Scheme 30 Alkylation of Nucleophilic Glycine Equivalents

62



Both are readily deprotonated at the o-position by virtue of their acidic
hydrogens. Condensation with appropriate alkyl halides and hydrolysis yields
the desired amino acids. N-Benzylimino acid equivalents such as N-
(diphenylmethylene)aminoacetonitrile (98) are normally alkylated under
phase transfer conditions to avoid over-alkylation.99 O’Donnell and co-
workers100 have performed asymmetric alkylations by this method using chiral
Cinchona-derived phase transfer catalysts (99) and (100). Catalyst (99)
favours formation of the (R)-enantiomer and catalyst (100) gives mainly the
(S)-enantiomer. Reaction with allyl bromide under these conditions in the
presence of catalyst (99) produced the protected allylglycine in 78% vyield and
62% ee.

(99) (100)

Electrophilic glycine equivalents are also of great value in amino acid
synthesis. a-Bromo-N-BOC-glycine tert-butyl ester (101) can be prepared in
high yield by irradiating the protected amino acid in the presence of N-
bromosuccinimide in CCi4.101.102 Alkylation of the o-bromo species by
Grignard reagents and deprotection yields the required amino acid.?03
Protected o-hetero ai-amino acids are known to exist in equlibrium with their
imine forms (102) (Scheme 31). Loss of chirality at the a-position suggests
that this would not be a useful procedure for asymmetric synthesis. However,
as for many asymmetric syntheses, induction from further chiral functionallity
can be a very useful technique. An example of this from Schollkopf and co-
workers104 is illustrated in Scheme 32.

Another important electrophilic glycine equivalent is the commercially
available 2-acetoxy-N-(diphenylmethylene)glycine ethyl ester (103) which
has been shown to be a very useful reagent in condensation with a wide
range of carbon nucleophiles.105
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Scheme 31 Electrophilic Glycine Equivalents
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Derivatisation of Commercially Available o-Amino Acids

Partial synthesis of amino acids from suitably functionalised and readily
available amino acid precursors can be a very useful procedure. This
technique has been used for the synthesis of ASA from allylglycine (92)
(Scheme 25). An advantage of this method is the opportunity to utilise the
chiral pool for stereochemical purity. An elegant use of this methodology by
Vederas and co-workers!06 involves the displacement of the hydroxyl group of
D- or L-serine by a wide range of nucleophiles. Intramolecular Mitsunobu
esterification generates a reactive B-lactam (104) from N-protected serine
(Scheme 33). There are restrictions to this process in the case of C-C bond
formations. Deprotonation of the acidic NH proton by reactive organometailic
reagents can lead to oxazoline or oxazolinone formation by nucleophilic
attack at the B-positon and the carbonyl of the B-lactone, respectively.
Problems associated with regioselectivity of these hard nucleophiles could
also be envisaged. Vederas and co-workers'07 performed selective
alkylations in high yield using doubly protected amino-B-lactams and relatively
soft dialkylcuprate nucieophiles.

OH Nu
E o)
/(ﬁ\ /{ \ /([)]\ Ji
RO N COoH )\N 0 RO N CO.H
H 2 RO H H 2

N-Protected L-Serine (104)
R="BuorBn

Scheme 33 Derivatisation of L-Serine

Rearrangements Leading to o-Amino Acids

A number of rearrangement reactions have also been employed in the
synthesis of amino acids. The Hofmann, Curtius and Schmidt rearrangements
all involve the replacement of a carboxyl function of a malonic equivalent by
an amino group and proceed through a common isocyanate intermediate after
migration of the alkyl group. Hydrolysis of an isocyanate yields a carbamic
acid which rapidly decarboxylates under these conditions to yield the amino
group (Scheme 34).

In section 3.05 we will discuss the synthesis of allyiglycine and
analogues by a Claisen rearrangement of allylic esters.
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Scheme 34 Hofmann, Curtius and Schmidt Rearrangements

3.03 Protecting Groups in o-Amino Acid Chemistry

Protecting groups play a very important role in synthetic chemistry.
Functional groups which are liable to take part in undesirable side-reactions
for a particular process are first protected by transformation to a suitably
unreactive derivative. Good synthetic strategy involves introducing the most
reactive moiety at the latest possible stage, by further chemical transformation
or simply by deprotection. In Sheehan’s?08 total synthesis of penicillin V the
highly reactive B-lactam ring was introduced at the final step by DCC coupling
of the B-amino acid precursor.

To be useful for a particular task suitable protecting groups must fulfil
certain criteria: the functional group to be protected must be selectively
derivatised in good yield; the derivatised compound should ideally be easily
crystallisable; the protected group must be inert to the conditions of any further
reactions; after reaction the original functional group should be regenerated in
high yield by deprotection under suitably mild conditions.

Clearly, as for synthesis of amino acids, protecting groups play an
immensly important role in synthetic chemistry. Unsurprisingly, the field of
protecting group chemistry is well developed. The many literature reviews109
and texbooks, such as those by Greene and Wuts'10 and by Kocienski,!! are
useful starting points when deciding on synthetic strategies.
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Amino acids are an interesting class of compound with regard to
protecting groups in that the amino and carboxylic acid groups can readily
react with each other. Fortunately the process involves a simple and reversible
proton exchange to form the familiar zwitterion. At high temperatures a-amino
acids are known to self-condense, forming 6-membered bis-lactam dimers.
The simple proton exchange between acid and amino group has a
fundamental effect on the properties of amino acids. The biological
implications were discussed in chapter 1. Chemically, the uncharacteristically
high polarity of amino acids means they are only soluble in highly polar protic
solvents. Many synthetic applications require a less polar aprotic medium. For
this reason the protection of amino acids for synthetic manipulation is almost
routine. Carboxylic acids are most commonly protected as esters but can ailso
be protected as amides and hydrazides. The latter two are somewhat less
useful because harsh conditions are generally required for their cleavage.
Amino groups are most commonly protected as carbamates but can also be
protected as amides and as a range of other derivatives. In the synthesis of
THDPA (Scheme 21) the amino group of the piperidine was effectively
protected by tosylation, although in this case for the purpose of activation
towards elimination.

In our studies we have extensively used the protection of the amino and
acid groups as tert-butoxycarbonyl (carbamate) and tert-butyl ester,
respectively. These protecting groups have all the required attributes and can
both be removed in the final step by treatment with anhydrous acid (see
Scheme 35). Protecting both the acid and amino groups also allows us to
use standard organic purification and analytical techniques such as
chromatography in organic media. Chromatography in aqueous media is
generally of lower resolution. On a preparative scale, removal of large
quantities of water is considerably more difficult.

i IR R
R\HJ\OX — m X — A

Scheme 35 Deprotection of tert-Butylcarbamates
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3.04 Synthetic Objectives

Previous studies within our group have shown that analogues of L-ASA
(23), including D-ASA, are generally very poor inhibitors of the DHDPS
enzyme. Importantly, D-ASA was also shown not to be a substrate of the
enzyme.56 These results indicate a high substrate specificity for the synthase
enzyme. Dr Tudor reported poor inhibition characteristics for a number of ASA
analogues functionalised at the aldehyde, amino and carboxylate groups.'12
Dr S.J. Connell'13 prepared oxime, methoxime, semicarbazone and
thiosemicarbazone derivatives of ASA. These compounds showed low to
moderate levels of inhibition with DHDPS. Dr J.E. McKendrick prepared a
number of alkyl substituted ASA analogues''4 (Figure 21). Once again
these compounds were found to be very poor inhibitors. A key result however
was that 2-methyl-ASA hydrate trifluoroacetate (105) and 3-methyl-ASA
hydrate trifluoroacetate (107) were reported to show substrate activity with
DHDPS. Compound (107) was reported to show 14% substrate activity.
Interestingly the 2-ethyl (106), 3,3-dimethyl (108) and 2,3-dimethyl (109)
analogues did not show substrate activity. In Chapter 2 we briefly mentioned
the potential value of enzyme mediated C-C bond formation with unnatural
substrates. DHDPS catalysed biotransformations with 2-methyl-ASA and 3-
methyl-ASA will be discussed in chapter 6.

OH OH
OH OH
HO.C RNH3+ CF3CO,” HOLC NHz* CF3CO;”
R = Me (105) (107)
R = Et (106)
OH OH
OH OH
HO,C NH3* CF3CO, HO.C NH3*  CF3COz’
(108) (109)

Figure 21 Alkylated ASA Analogues
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Our key objectives were therefore directed towards further
understanding the nature of the interaction between DHDPS and compounds
(105) and (107). Study of these compounds allows us a greater
understanding of the mechanistic features of the enzyme and indicate any
commercial potential. An important element of this study was the revision of
the synthetic route to these compounds and further optimisation of existing
methods. The syntheses were chosen with potential asymmetric application in
mind, but, at this preliminary stage the stereoselection was left to the DHDPS
enzyme. Although it is extremely likely that the enzyme will select only the L-
stereoisomer in each case, this would have to be proved on further
development.

2-Me-ASA is a very interesting case because it was shown that the
product of DHDPS-catalysed condensation with pyruvate (21) had an
absorbance maximum at 271 nm, similar to DPA (28). This evidence strongly
suggests that the product is an aromatic compound. Complete substitution at
the 2-position in 2-Me-ASA should prevent aromatisation. The expected diene
product (110) would be expected to have a UV absorbance maximum at
approximately 240 nm. Although there is clearly a thermodynamic drive for
aromatisation there appears no obvious mechanism for the event. Prior to
turther investigation it was considered that there were three possible routes to
aromatisation: decarboxylation; demethylation; through a 1,2-methyl! shift
(Scheme 36). This will be discussed further in chapter 6.

OH
OH X
J\ DHDPS
-------------- - \ /
HO,C NHg* o) COzH HO,C™ hl+ COs
2-Me-ASA @y <. (110)
—————— 1 ,2-Methy! shift
PO - Me - COQ
Z 4 )
HO-C ”+ COy ”+ Oz HO,C
(28) (111) (112)

Scheme 36 2-Me-ASA as a Substrate of DHDPS
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3.05 Literature Syntheses of Allylglycines

Allylglycine (92) is a key intermediate in Black and Wright s85 synthesis
of ASA. For our studies a readily available supply of allyigiycine and
analogues was required. Analogues of allylglycine are not commercially
available and must therefore be synthesised. To achieve this objective we are
interested in adaptable synthetic routes. In an ideal case the synthesis could
be directed asymmetrically towards either enantiomer and would invoive a
minimum number of protection and deprotection steps. In this section we will
briefly discuss the synthesis of allylglycine by classical asymmetric
methodology. The methods used previously within our group will be
considered. In section 3.08 we will detail two other synthetic routes used in our
current work.

Allylglycine is commercially available as its D- and L-stereoisomers, as
well as racemic material (92). DL-Allylglycine can be resolved by acetylation
and subsequent enantioselective cleavage catalysed by the enzyme porcine
kidney acylase (PKA) (Scheme 37).115

| 0
Ac20 PKA
_ 2M NaOH /k
0:C NHg* N o

HOLC

(92) (113) /L
o}

HOLC N
H

Scheme 37 Enzymic Resolution of Allylglycine

McKintosh et al.'1® produced D-allylglycine (115) by alkylation of
camphor imine (114) (Scheme 38). The desired product was isolated in
85% yield and 76% ee after hydrolysis. It is possible that the tert-butyl ester
could be retained under milder deprotection conditions. This synthesis could
however not be adapted to produce the opposite stereoisomer.
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1.LDA
2. allyl bromide
\ CO,'Bu  3-6MHCI o
N— HNT oy
(114) (115)
Scheme 38 Asymmetric Synthesis of D-Allylglycine

Evans and co-workers117 have synthesised optically active allylglycines
by the asymmetric introduction of the amino group (Scheme 39). Williams
and co-workers118 have also achieved this by asymmetric alkylation of chiral
glycine equivalents. In these cases the enantioselectivity is induced from
chiral esters and oxazinones (2,3,5,6-tetrahydro-4H-oxazin-2-ones),
respectively. Similar work by Oppolzer and co-workers,'19 involving
introduction of the amino group to chiral esters, could also be adapted for this
purpose.

Bu Bu
\J/

B
TN
i i O/ ]
Bu,BOTY
Q N/(/R —_— N/K/R
\_—k RaN
chiral auxiliary Ph
recycled
N
0
N3~

O
HO
1 g A
R .
HO LoH R 07 Ny R
Na \—&, \_—_&, Br
ph 2 Ph

Scheme 39 Asymmetric Amino Acid Synthesis by Evans
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Methodology

Previous studies within our group by Dr McKendrick evaluated a
number of synthetic routes to allyiglycines: alkylation of nucleophilic glycine
equivalent (98) under phase transfer conditions; direct alkylation of N-BOC-
allylglycine tert-butyl ester (116); and Claisen rearrangement of N-protected
glycine and alanine allylic esters. In the remainder of this section we will
consider each of these in detail.



/‘E
x>
PH N en BOCHN CO,'Bu

(98) (116)

Alkylations of Amino Acids

Synthesis of 3-substituted allyiglycines by alkylation of glycine
equivalents can be troublesome. Skinner et al'20 synthesised 3-
methylallylglycine in approximately 5% yield by alkylation of ethyl
acetamidocyanoacetate. Electrophilic allylic equivalents (117) can undergo
competing Sy2 conjugate additions and nucleophilic allylic equivalents
(118) react more commonly through the less substituted position (Scheme
40). These effects can be controlled in some cases by chelation (see later). Dr
McKendrick used the two alkylation methods for the synthesis of 2-substituted
allylglycines only. Both routes presented some difficulty. The phase transfer
route to unsubstituted glutamate analogues is discussed in the next chapter.

NR', X NR',

z)\/ \3/13\ = ZJ\/\/X\

(117)

Rn)

X
/k/ Mor MR, M. Ry
e ey s O ‘y ———
/ - % /\/\Rn
(118)
Scheme 40 Side Reactions with Allylic Equivalents

Clasien Rearrangement Route to Allylglycines

The Claisen rearrangement route to allylglycines from N-protected
glycine and alanine allylic esters, originally reported by Bartlett and
Barstow,121 js illustrated in Scheme 41. A combination of chelation control in
formation of the enol ether and steric factors favouring the positioning of the
bulky group in a pseudo-equatorial position for the rearrangement, favour anti-
diastereoselection in this case (Scheme 42). Addition of chelating agents
such as ZnClp can improve diastereoselectivity.122
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Scheme 42 Stereochemical Control in the Claisen
Rearrangement

3.06 Synthesis of Aspartate-3-semialdehyde

Other than the original synthesis of ASA by Black and Wright and that of
Robins and co-workers there has been one other synthesis reported by
Gerrard and co-workers.?23 L-ASA was isolated by a multi-step process
involving enzymic resolution and protection of the aldehyde function as an
enol ether. A number of syntheses of protected ASA have been reported. The
aldehyde functionality of ASA is useful for further structural manipulation. A
modification of the method of Cooper et al.124 by Baldwin and Flinn125 yielded
protected L-ASA by PCC oxidation of L-homoserine derived from L-
methionine. Protected L-ASA was isolated in 40% yield for the one-pot
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process. Similar studies by Rapoport and co-workers!26 resulted in the
preparation of L-N-BOC-ASA tert-butyl ester L-(122) from L-aspartic acid. The
7 step process involved Et3gSiH/Pd/C reduction of a thioester to generate the
aldehyde function.

For our studies the ozonolysis of protected allylglycine was the
preferred method (Scheme 25). Previous work within our group had
determined that the purity of the ASA synthesised was enhanced when the
acid function was protected as a tert-butyl ester rather than the para-
methoxybenzyl ester. It is also noteworthy that the para-methoxytoluene
byproduct must also be removed after deprotection. One disadvantage of
protecting the acid as a tert-butyl ester was the poor recovery of material
(43%). Formation of tert-butyl esters is most commonly achieved by treating a
solution of the acid with isobutylene in the presence of a catalytic quantity of
c.H2S0O4. Reversible protonation of isobutylene generates the
thermodynamically stable tert-butyl cation which condenses with the
carboxylate nucleophile. A high concentration of isobutylene in the reaction
mix results in significant self-addition (Scheme 43). It is very important to
realise that for this reaction with an amino acid a catalytic quantity of c.HoSO4
is actually greater than one equivalent. The first equivalent of c.H>SO4
protonates the amino acid, generating the acid salt.

e A — L
l

|

Scheme 43 Cationic Polymerisation of Isobutylene

In our work it was found that side reactions were minimised and the
yield of ester was improved to 83% if the reaction mixture was cooled to -78
°C, prior to addition of isobutylene. After addition of c.H2SO4 the suspension
was stirred for 6 h at -78 °C and then at room temperature for a further 12 h.
After BOC protection of the amino function with di-tert-butyldicarbonate
(BOC20), ozonolysis generated the desired protected aldehyde (122). Ozone
added to the olefin by a [3 + 2] dipolar cycloaddition (Scheme 44).
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Scheme 44 Mechanism for the Ozonolysis of Alkenes

Deprotection of N-BOC-ASA tert-buty! ester (122) proved to be a key
process. Assay of ASA hydrate trifluoroacetate (93) with DHDPS indicated a
poor yield (~40%). In order to develop a reliable biotransformation system for
further development it was considered very important to optimise the purity of
our ASA. It appears likely that the conditions of deprotection (50% TFA in
CH2Cly, room temperature) promote decomposition. To address this problem
a number of alternatives were considered, including in situ generation of ASA
by enzymic cleavage of its N-acetyl analogue. This process is discussed in
detail in the next chapter.

Rapoport and co-workers127 reported selective cleavage of N-BOC
protecting groups in the presence of tert-butyl esters by treatment with 500
mol% of 1M HCI in anhydrous EtOAc at room temperature. Consequently, it
was considered that alternative protecting groups to the tert-butyl ester could
be more appropriate for our studies. One protecting group which can be
removed under milder conditions is the cumyl ester. Brunwin and Lowe!28
showed that cumy! esters could be selectively removed in the presence of a B-
lactam and a tert-butyl ester by anhydrous HCI in CHCl» at 0 °C for 3 min.

N-BOC-allylglycine cumyl ester (123) was prepared in 72% yield by
DCC coupling of the acid with cumyl alcohol. However, no further



investigations of compound (123) proved necessary because consecutive
investigation of the deprotection of N-BOC-ASA tert-butyl ester (122) with
anhydrous HCI in EtOAc proved to be very successful. Treating the protected
amino acid (122) with 1000 mol% of >2M HCI in anhydrous EtOAc at 0 C for
4 h resulied in quantitative recovery of ASA as a white hydrochloride salt. As
for the previous deprotection with TFA, NMR spectroscopy in D20 showed the
compound to exist in its hydrated form (124) in solution. The advantage of this
method over TFA deprotection is the ease of handling of the HCI solution and
the simple removal of the volatile byproducts under reduced pressure. TFA is
a difficult material to handle and colour changes in stock solutions suggest a
tendency for decomposition. In reaction with protected amino acid (122) the
trifluoroacetate salt (93) produced is a yellow coloured sall. One minor
disadvantage of the deprotection, common to both TFA and HCI, is the
tendency of the product to retain solvent. The 'H NMR spectrum of compound
(124) is illustrated in Figure 22. Signals are observed for both EtOAc and
Et,0 (used for trituration). Extensive drying under high vacuum, with gentle
heating, did not remove this solvent.

Figure 22 The 'H NMR Spectrum of Compound (124)
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(123) (124)

ASA hydrate hydrochloride (124), produced by this method, was
shown to display 218% relative activity when compared to its trifluoroacetate
analogue (93) in a standard DHDPS assay. UV studies suggest a >80%
conversion of L-ASA hydrate hydrochloride into DPA on DHDPS catalysed
condensation with pyruvate (21). The modified synthesis of ASA is detailed in
Scheme 45. The overall yield of compound (124) from allylglycine was

66%.
1. Isobutylene / ¢.H2SO4
2. HCI.Et2.0
*HaN COy CI *HaN CO,'Bu
83%
(92) (125)
96%| BOC 0 / KHCOg3
] |
1.03
2. EtzN
BOCHN CO,'Bu BOCHN COg'Bu
82%
(122) (116)

>2M HCLEtOAC

(10 equiv.) OH

0,
100% OH

CI *HaN CO,H
(124)

Scheme 45 Modified synthesis of ASA
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3.07 Synthesis of ASA Methyl Ester

This modified synthesis of ASA was further utilised for the synthesis of
aspartate-B-semialdehyde methyl ester hydrochloride (129) (Scheme 46).
Previous attempts to make the trifluoroacetate salt of this compound had
resulted in decomposition on deprotection with TFA. The milder HCI.EtOAc
deprotection allowed us to negotiate this problem. Allylglycine methyl ester
(126) was prepared in 33% yield from allylglycine (92) by stirring in
methanolic HC| and basic work up. Protection with BOC-O gave N-BOC-
allylglycine methyl ester (127) in 90% yield. Subsequent ozonolysis gave N-
BOC-aspartate-B-semialdehyde methyl ester (128) in 53% yield.

Deprotection, as described, yielded the desired amino ester (129)
quantitatively.

1. dry HC!/ MeOH

2) 0 C - room temp. BOC,0 /KHCO4
2. basic work up
HoN COsMe BOCHN CO.Me
(126) (127)
1.03
2. Et5N
OH (')
OH dry HCI/ EtOAc
Cr *HaN COzMe BOCHN CO,Me
(129) (128)
Scheme 46 Synthesis of ASA Methyl Ester

3.08 Synthesis of Methyl Substituted ASA Analogues

In our work we examined a number of strategies to substituted
allylglycines for the synthesis of ASA analogues: alkylations of amino acids;
the Claisen rearrangement route used by Dr McKendrick and zinc coupling of
a-imino esters and allylic bromides. The merits of each are discussed in the

remainder of this section.



Alkylations of Amino Acids

In this work the direct alkylation of amino acids by the =self-reproduction
of chirality method of Seebach and Fadel'2® was investigated (Scheme 47).
In the cyclisation step the bulky acid chloride, commonly pivaloyi chioride,
approaches away from the neighbouring methyl group of the trans-imine
(130). Resulting attack of the carboxylate group on the opposite face
generates the (2S,4S)-cis-oxazolidinone (131) in high diastereoselective
yield. After treatment with base the resulting enolate undergoes alkylation
away from the bulky R-group in the 2-position. The overall result is retention of
stereochemistry at the 2-position of the final substituted amino acid. Berner
and co-workers130 used this methodology for the asymmetric synthesis of 2-
methylallylglycine. Further development by Alonso and Davis,3! using
ferrocene carboxaldehyde to form the imine (130), resulted in recovery of 2-
benzyl-L-alanine in 63% overall yield and >98% ee.

Na* "O (o} Na* O 0 o 0
T RCHO :/r RCOCI _ < :/r
—_— U]
///I/,, /,h,,
HoN R/\N o, N "”'n....
L-alanine (130) 4(
0]
RI
(131)
‘base
N 0 O 0L
© hydrolysis o R"X © M
- R ---u|||< -—— R """"< l
+ HSN ., N liny,,,, N
Ru R"
0] o)
R' R
Scheme 47 Self-Reproduction of Chirality

In our work the usefulness of this alkylation process was investigated by
attempts to alkylate DL-alanine. The oxazolidinone produced will favour the
racemic cis-diastereoisomers and the amino acid isolated after hydrolysis will
be racemic. Essentially we are using the oxazolidinone as a doubly N-
protected amino acid equivalent. Treating sodium DL-alanate and 4A
molecular sieves in anhydrous ethano! with benzaldehyde gave sodium trans-
N-benzylimino-DL-alanate (132) in 86% yield. NMR spectra of compound
(132) were recorded in CD30D as it was found to be readily hydrolysed in
D20. In the TH NMR spectrum there are signals at 8 1.37 and 3.90, 3J 6.9 Hz,
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for the protons in the 3- and 2-positions, respectively. The imine proton is
found at 8 8.22. There is no evidence in either the TH or 13C NMR spectra for a
cis/trans isomeric mixture. Attempts to produce the corresponding
oxazolidinone by cyclisation with pivaloyl chloride were unsuccessful. On
treating imine (132) in anhydrous dichloromethane with pivaloyl chloride at
-20 °C a colour change was observed. However, after leaving the reaction at
room temperature overnight, aqueous work up yielded mainly pivaloyl
byproducts. Further attempts at cyclisation by the varied conditions described
by Seebach and Fadel!2% were also unsuccessful.

ph/'-LNj\

(132)

CO, Na*

Claisen Rearrangement of Allylic Esters

To investigate the usefulness of the Claisen rearrangement for
preparation of allylglycines, N-BOC-glycine (119) and N-BOC alanine (133)
were prepared in quantitative yields by standard protection with BOC20. DCC
coupling of compound (119) with (E)-crotyl alcohol produced ester (120) in
85% yield. Attempts to promote rearrangement of compound (120) by the
method of McKendrick were successful but the yield (37%) was disappointing
(see Scheme 41). The highly reactive dianion produced prior to quenching
with TMSCI may be unstable, with side reactions such as isocyanate formation
possible. It is likely that these problems could be avoided by doubly protecting
the amino group. One method of achieving this is detailed in the next chapter.
Another minor disadvantage of this route is that alternative protecting and
deprotecting conditions, avoiding ¢.H2S04, must be used for acid (134). DCC
coupling of the acid with tert-BuOH gave the desired ester (135) in 43% yield.
Further investigations with N-acetylglycine allyl ester (136) produced a
rearranged product that was not easily purified.

ji, AcHN/\([)]/ I N

BOCHN CO,H BOCHN 0,'Bu
(134) (135) (136)
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Zinc Coupling of a-lmino Acids and Allylic Bromides

The metal mediated coupling of allylic halides with aldehydes and
ketones in aqueous media has been well documented. The reaction is similar
to the Reformatski reaction of a-haloesters with aldehydes and ketones.132
Luche et al.'33 reported highly selective reaction of aldehydes over ketones
with allylic halides. More importantly, the tin or zinc induced reactions are
completely regiospecific. After insertion the metal chelates to the oxygen of the
carbonyl. Alkylation then occurs via a six-membered transition state away from
the end that originally bore the halogen (see Scheme 48). Recent studies by
Hanessian and Yang'34 have extended this methodology to the synthesis of
allylic o-amino acids (Scheme 48). Coupling the allylic halide to «-
benzyloxoimino derivatives of glyoxalates and pyruvates produced the N-
benzyloxoamino acids. Cleavage of the N-O bond by Mo(CO)g yielded the
desired allylglycines.

NN "
OR, + Zn powder, r.t.
R1 R4)\'/\Br > k
THF / NH Cl(ag)
O Rs
Ry =H, Ry =Pr Rg = H, Me (92-98%)
Ry =Ry =H R4 = H, Me, Ph
R1 = Me, Ry = Et Rs = H, Me, CO2Me
Ra Ry Rs Ry
il Mo(CO)s Ry,
NH «————— N
MeCN / H0 N
(15:1), reflux OBn
Scheme 48 Zinc Coupling Route to Allylglycines

Hanessian and Yang134 further reported that the process could be
performed with high stereoselective control using the amide of -
benzyloxoiminoglyoxylic acid and Oppolzer s (1S)-(-)-2,10-camphorsultam
(138). Treating compound (138) with allyl bromide yielded (S)-allylglycine in
high yield and 93% ee after deprotection. When trans-cinnamyl bromide was
used (2S,3S)-3-phenylallylglycine (139) was isolated in 88% yield and 99%
ee. The stereochemistry was determined by X-ray analysis of the N-
benzyloxoamino camphorsultam derivative.
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To achieve this stereochemistry the phenyl group and amide group
must be anti in the pseudo-chair transition state (140). It is possible to
achieve a syn arrangement by rotating 180 about interaction 1-2 (N- -Zn) or
bond 5-6 (C-C) but the resulting pseudo-boat form is sterically more hindered
(Scheme 49). The homochiral camphorsultam directs attack to the Si-face
(bottom as drawn) of the imine. It is worthwhile noting that to achieve this anti-
arrangement of phenyl group and amide group the imine must have the Z-
stereochemistry, contrary to that drawn for the transition state by Hanessian
and Yang1!34 (137) (Scheme 48).
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This route to 2- and 3-methyl substituted allylglycines proved to be very
useful in our work. The synthesis of these compounds and subsequent
conversion into the corresponding ASA analogues is detailed in the rest of this

section.
Foliowing the method of Ottenheijm and co-workers!35 q-

benzyloxoiminoglyoxylic acid (141) and a-benzyloxoiminopyruvic acid (142)
were both prepared in 99% yield by coupling the corresponding acids with O-
benzylhydroxylamine hydrochloride in water. Attempts to couple compound
(141) directly with allyl bromide by the method of Hanessian and Yang!34
produced a product that was difficult to purify. As a result it was decided to
protect the acid function as the tert-butyl ester. Treating compounds (141) and
(142) with isobutylene and ¢.H2SO4 gave a-benzyloxoiminoglyoxylate tert-
butyl ester (143) and o-benzyloxoiminopyruvate tert-butyl ester (144) in 91%
and 89% vyield, respectively. Both compounds were isolated as colourless oils
after chromatography. The imine proton of compound (143) is found at § 7.47
in the TH NMR spectrum. The corresponding methyl signal of compound
(144) is found at & 1.96 in the TH NMR spectrum and 8 11.6 in the 3C NMR
spectrum. The NMR spectra show no evidence of a mixture of cis- and trans-
isomers. It is proposed by the argument outlined earlier that the compounds
have exclusively cis-geometry.

N/ N/

)I\ Me/LCO R

H CO.R
(141) R=H . (142) R=H
(143) R='Bu (144) R='Bu

Zinc-induced coupling of compounds (143) and (144) with allyl
bromide according to the method of Hanessian and Yang?34 produced
protected allylglycine (145) and protected 2-methylallylglycine (146) in
quantitative yield. In the TH NMR spectrum of compound (146) the signal for
the 3-Me is found as a singlet at § 1.28. Synthesis of the protected 2-

methylallylglycine (147) required more planning.

BnOHN CO.'Bu BnOHN c0,'Bu BnOHN CO,'Bu
(145) (146) (147)

83



The necessary bromide, crotyl bromide, was purchased as a mixture of 85%
crotyl bromide and 15% 3-bromo-1-butene. To counter this, the quantity was
adjusted and the activated zinc powder was added in two portions. As
expected, the primary crotyl bromide reacted faster than the secondary isomer
and the desired compound (147) was isolated in 99% yield without
contamination. Inspection of the TH NMR (Figure 23) and 13C NMR (Figure
24) spectra confirm the presence of diastereoisomers. The 3-Me is found as a
doublet at § 0.95, 3J 6.9 Hz, in the TH NMR spectrum. GC analysis of the
product showed the diastereomeric ratio to be 100:41. We would predict by
our earlier argument that the anti-arrangement of ester and methyl group in a
pseudo-chair transition state would be favoured. This would give a racemic
mixture of the (2S,3S)- and (2R,3R)-stereocisomers as the major component.
Assuming that our (E)-crotyl bromide and (Z)-(143) are stereochemically pure
then the minor component of the mixture, racemic (2S,3R)- and (2R,3S)-
(147), must have arisen through a syn-arrangement of ester and methyt
group in a pseudo-boat transition state.

The next step of the syntheses involves the cleavage of the N-O bond to
generate the free amino function and benzyl alcohol as a byproduct. Literature
procedures for this process involve catalytic hydrogenolysis or cleavage by
Mo(CO)g.136.137 Since catalytic hydrogenation also reduces the olefinic
function134 then only the latter process was considered. Molybdenum
promoted cleavage of N-O bonds proceeds through ligand exchange,
reductive cleavage and release. The reaction is performed by heating a
solution of the compound and 0.7 equivalents Mo(CO)g in 6% aqueous
MeCN. The small volume of water assists in the release of the product by
ligand exchange. In our work, early attempts to utilise this process were rather
low yielding. After further investigations it was found that adding 1% c.NH3
(aq) to organic solvents for chromatographic purification improved the yield. It
was considered that the ammonia further assisted in the release of the product
from the molybdenum. Treatment of compounds (145) and (146) by this
method gave allylglycine tert-butyl ester (148) and 2-methylallylglycine tert-
butyl ester (149) in 43% and 48% vyield, respectively. Further developments
revealed that extracting the product into 1M HCI (aq), basifying (NaOH) and
reextracting into EtOAc gave the pure product in high yield without
chromatography. 3-Methylallylglycine tert-butyl ester (150) was prepared by
this method from compound (147) in 77% yield. The work up involving acidic
extraction is a very messy process, involving large solvent volumes, but
produces a lighter coloured purer product in high yield.
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After successfully preparing the substituted allylglycines the remaining
steps to the aspartate-f-semialdehydes were performed as described
previously for allyiglycine tert-butyl ester hydrochloride (125) in section 3.06.
Reaction of compounds (149) and (150) with BOC20 produced N-BOC-2-
methylallylglycinetert-butyl ester (151) and N-BOC-3-methylallyiglycine-tert-
butyl ester (135) in 48% and 85% yield, respectively. Subsequent ozonolysis
produced aldehydes (152) and (153) in 72% and 59% yield, respectively.
The aldehyde signal of protected 2-Me-ASA (152) in the TH NMR spectrum
was coupled to the diastereomeric protons at the 3-position: & 9.38; 3J 1.9 and
1.2 Hz. Corresponding aldehyde signals for protected 3-Me-ASA (153) were
found as singlets in the'H NMR spectrum at § 9.63 and 9.68 for the major and
minor diastereoisomers, respectively. Deprotection by HCI in anhydrous
EtOAc gave quantitative yields of 2-methylaspartate-B-semialdehyde hydrate
hydrochloride (154) and 3-methylaspartate-B-semialdehyde hydrate
hydrochloride (155). In the TH NMR spectrum of compound (154) the proton
at the 4-position was coupled to the diastereomeric protons at the 3-position: &
5.04; 3J 6.7 and 5.1 Hz. In the 13C NMR spectrum C-4 was found at & 88.2.
The corresponding 13C NMR signals for compound (155) were found at &
91.8 and § 92.0 for the major and minor diastereomers, respectively.

The enzyme studies with 2-methyl-ASA, 3-methyl-ASA and ASA methyl
ester will be discussed in chapter 6.

RHN CO'Bu RN Nco,tau RHN CO,'Bu
(148) R=H (149) R=H (150) R=H
(116) R =BOC (151) R=BOC (135) R = BOC

] ]
t
(152) (153)
OH OH
OH OH

CI" *HaN COLH Cl *HaN CO.H

(154) (155)
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Chapter 4 Investigation Towards Glutamate-y-
semialdehyde as a Substrate of DHDPS

4.01 Introduction

L-Glutamate-y-semialdehyde L-(GSA) L-(156) is the higher homologue
of the natural substrate of the DHDPS enzyme, L-aspartate-B-semialdehyde L-
(ASA) (23). L-GSA (156) is known to exist in equilibrium with the aminol
(157) and the cyclic imine, 3,4-dihydro-2H-pyrrole-2-carboxylic acid (158)
(Scheme 50). It is involved in the biosynthesis of L-proline from L-glutamic
acid.138

/ 0
o UE Ny
““\\\\ _02 C .‘,‘(\\\ OH .02 C"'““\ N/

0.0 .

00" “NHg N N.

L-(156) (157) (158)
Scheme 50 Cyclisation of GSA

It was considered that this close analogue of ASA could exhibit
substrate activity with DHDPS. The likely product of successful DHDPS
catalysed condensation of pyruvate and GSA would be the seven-membered
heterocycle L-3,4-dihydro-2H-azepine-2,6-dicarboxylic acid L-(159)
(Scheme 51). This heterocycle has an interesting ring oxidation state and
biotransformation of GSA could open a number of new areas of study.
Investigation of the inhibitory characteristics of analogues of heterocycle
(159) with DHDPS and DHDPR as well as the latter succinylase, acylase and
dehydrogenase enzymes would be of interest.

4 5
A N
)\ DHDPS
A - =
"0 NHz* o) COLH OZS 2 N7 Ca)OgH
(GSA) pyruvate (21) L-(159)

Scheme 51 GSA as a Substrate of DHDPS
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4.02 Literature Preparations of GSA

3,4-Dihydro-2H-pyrrole-2-carboxylic acid (158) was prepared in
racemic form by Strecker!3% on deprotection of alkylated glycine equivalent,
Y,y-dicarboethoxy-y-acetamidobutyraldehyde phenylhydrazone (160). Eto
and co-workers140 achieved the in situ preparation of DL-GSA by acidic
hydrolysis of GSA dimethyl acetal (161). No characterisation was presented
for GSA but they successfully synthesised tryptophan by condensing the
product with phenylhydrazine and subsequent Fischer indole formation. It is
worthwhile noting that the condensation of phenylhydrazine with the cyclic
imine (158) would be an equally viable route. GSA dimethyl acetal (161)
was prepared by the method of Okudal4! (Scheme 52). Michael addition of
diethyl nitromalonate (162) to acrolein and in situ acetal formation generated
alkylated glycine equivalent (163). Deprotection, reduction of the nitro group
and purification yielded the desired acetal (161).

NHACc
E0,C NS P
EtO,C H
(160)
NO, CHO NO2
. 1. Et3N / MeOH
Et0,C H P P ™ E0,C OMe
Et0,C -y Et0,C

(162) (163) OMe
1. NaOEt
2. AcOH

NO,

NH,
OMe _ Ho OMe
EtO,C E10,C
OMe

OMe
1. NaOH
2. Amberlite IRC-50
NHx*
OMe
-0,C

oM
(161) e

Scheme 52 Synthesis of GSA Dimethyl Acetal (161)
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The stability of GSA in aqueous solution is concentration dependent.
Williams and Frank!42 reported that GSA underwent 30% decomposition in 1
h at 1 M but decomposed at a lesser rate in less concentrated solutions. Eto
and co-workers140 noted that GSA could be preserved in aqueous solution by
adding either phenylhydrazine, sodium hydrogensulfate, hydroxylamine or
semicarbazide.

In recent work by Bearne and Woifenden!43 compound (158) was
prepared by periodic acid oxidation of allo-3-hydroxylysine. Proton NMR
studies showed that compound (158) was in equilibrium with GSA (0.05% at
physiological pH). At low pD values the spectrum was complex in the region of
d 2 to 5, but signals were observed for the free aldehyde (GSA) (156) at § 9.8.
At pD 6.2 two well separated signals at 3 8.7 and 5.8 were observed for the
imine (158) and hydrated aldehyde, respectively. The chemical shift of the
imine proton varied with pD. Importantly, Bearne and Wolfenden made no
mention of the intermediate 5-hydroxyproline (157) (see Scheme 50). The
chemical shift of the proton in the 5-position of compound (157) would be
very similar to the corresponding signal of hydrated GSA.

Our group previously investigated a number of synthetic routes to GSA.
Dr S.J. Connell extensively studied the alkylation of a number of glycine
equivalents with 4-bromo-1-butene.144 Phase transfer alkylation with N-
(diphenylmethylene)aminoacetonitrile (98) was found to be the most effective
route to the higher homologue of allyiglycine, 2-amino-5-hexenoic acid (164).
Ozonolysis of compound (164), after protection, resulted in spontaneous
cyclisation (Scheme 53). This cyclisation was noted in a similar process by
Olsen et al.145 Doubly protecting the amino function, according to the method
of Grehn and Ragnarsson,!46 prevented cyclisation on ozonolysis (Scheme
53). Deprotection with TFA produced impure material.

B 0O
>
1.03 ;MBOZC/O\OH
2 BN | MB0,C NHBOC BOC
o)
= 7
MBOC NHBOC WN 1.04
> _d
cat. DMA 2. EtaN
PMB = para-methoxybenzyl pMBOC N(BOC)2 gMBOC N(BOC).

Scheme 53 Synthesis of Protected GSA
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Derivatisation of glutamic acid is a useful method of synthesising GSA
analogues. The synthesis requires non-symmetrical substitution of the two
acid groups of glutamic acid. In earlier studies by our group Dr J.M.
McKendrick attempted the synthesis of GSA by the derivatisation of glutamic
acid (Scheme 54).147 The key step involves selective protection of the
glutamic acid as the §-methyl ester hydrochloride (165). After further
protection the methyl ester was selectively reduced with LiBH4. Attempts to
oxidise the resuiting alcohol (166) to the aldehyde once again resuilted in
cyclisation. The oxidation was performed by a modified Swern type oxidation,
according to the method of Moffat’48 (Scheme 55). The advantage of
derivatisation routes is that a number of glutamic acid derivatives are readily
available in enantiomerically pure form.

H°2C\/YC02' SOClz, MeOH, 0 °C Meozc\/\‘/wz”

NHg* NHs* CI
L-Glutamic acid (165)
COan LiBH4 MEOQC COQBH
HO -
NHCBZ NHCBZ
(166)
Scheme 54 Non-Symmetrical Derivatisation of Glutamic Acid

There are a number of alternative methods for the non-symmetrical
derivatisation of glutamic and aspartic acid reported in the literature. Rapoport
and co-workers'26 detailed one such way, generating the free B-acid function
with aspartic acid in 5 steps. DCC coupling with EtSH and subsequent
reduction with Et3SiH and Pd/C yielded the protected ASA (117). Bold et
al.'%® incorporated the y-aldehyde function into doubly amino protected
glutamate derivative (167) by a Rosenmund reduction reaction. Lee and
Miller'50 achieved the same transformation on acid chloride (167) by
reduction with the sterically hindered hydride donors tributyltin hydride or
lithium tri-tert-butoxyaluminium hydride.
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~ O: WH TFA (0.5 equiv) / py (1 equiv) +é ,\/'E
s\, v C ) —>
+| Il NHCBZ “§ o NH
BnO,C "
(166)
+DMS Py @ \’SV/
'+
B”OZC/(PKOH N ) +DCU
CBZ BnO,C NHCBZ
Scheme 55 Modified Swern Oxidation
CBZ\
N\
BOCHN CO,'Bu (o) o
(117) (167)

8-Benzyl L-N-BOC-glutamate tert-butyl ester (169) can be prepared
from the commercially available L-glutamate 8-benzyl ester (168) by standard
methodology (Scheme 56).145 Hydrogenolysis then generates the free §-
acid (170) for further manipulation. Bold et al.14® prepared bis-N-BOC-L-
glutamate-y-semialdehyde tert-butyl ester L-(174) from compound (169). The
key step involves generating the aldehyde from the acid chloride (173) by
Rosenmund reduction (Scheme 57). The acid chloride (173) is prepared
from the corresponding acid by treatment with enamine (172).151 In the
presence of acid labile protecting groups this reagent avoids potential
problems associated with conventional acidic chlorinating agents. Compound
(174) is of particular interest to us because, as discussed in Chapter 3, it can
be deprotected in one step under anhydrous conditions and easily purified.



1. isobutylene, ¢.H>S04, BnO,C COgtBU

BnOZC\/YCOZ‘ dioxane \/Y
2. BOC20, DMF/H20 NHBOC

NHg*
(168) 82% Hp, Paic, (169)
EtOH
78%
HO.C CO,'Bu
NHBOC
(170)
Scheme 56 Synthesis of Acid (170)
N(BOC), N(BOC)2
H Hp, 5% Pd/C, EtOH i
Bno,C”~ " co,tBu HOoC”~ """ co,'Bu
(171)
CHyClp| MENN A
o (172)
{
N(BOC) N(BOC).

Hp, 5% Pd/C

H : -

\ﬂ/\/\coztgu 2 6-lutidine/THF coc” " co,iBu
O L7 (173)

Scheme 57 Rosenmund Reduction to Generate Aldehyde

4.03 Objectives

With little mention of GSA in the literature and lack of any
characterisation data the low stability of this compound is clearly indicated. It
was notable that the cyclic analogues prepared previously by our group
showed no evidence of the open chain aldehyde in the NMR spectra. If the
equilibrium concentration of GSA is very low then it may be very difficult to



realise the substrate potential with DHDPS. For these reasons it was
considered in our current work that alternative strategies were required.

It was considered that in situ deprotection of an appropriate aliphatic
precursor would be worthwhile. Ideally, to achieve this task the aldehyde
would be protected to avoid cyclisation. Aldehydes can be protected as
imines, acetals and other similar derivatives. It is likely that imine protected
GSA would also cyclise. Although acetal-protected GSA would not cyclise the
acidic conditions required for deprotection are not suitable for enzyme work.
One other possibility is protection of the aldehyde as a silyl enol ether. This
protecting group however would not be stable in an aqueous environment.

An alternative method of avoiding cyclisation of GSA, prior to in situ
deprotection, is the protection of the amino function. In section 3.05 we
mentioned the enzymic resolution of racemic N-acetylallylglycine (113) by the
enzyme porcine kidney acylase (PKA) (Scheme 37). It was considered that
this process could also be applied to N-acetylated ASA and GSA. Enzymic
cleavage of these compounds by PKA under physiological conditions would
generate the required L-amino acids in situ. To validate this theory our first
task was the synthesis of N-acetyl-ASA. The preparation and evaluation of N-
acetyl-ASA as an inhibitor of DHDPS has been performed previously by our
group.152 N-Acetyl-ASA was found to exist in its hydrated form (175) in
solution. In our work compound (175) was prepared by the same method. In
situ deprotection by PKA and DHDPS catalysed condensation with pyruvate
proved successful. The assay system used for this purpose (Scheme 58) will
be discussed further in Chapter 6. Having successfully developed this new
assay system for testing protected amino acids the next objective was the
synthesis of N-acetyl-GSA. This will be discussed in section 4.05.

OH OH

OH OH AN
PKA 1. DHDPS / pyruvate |
,,"'. > /
. COo”

HO,C NHAc ‘0,C NHg* 2. air oxidation HO.C INI’“

(175) ASA-hydrate (28)

Monitor production
of (28) at 270 nm

Scheme 58 Development of a New Assay for Detecting
Substrate Activity
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In our studies one other entirely different strategy for investigating the
biological activity of GSA with DHDPS was considered. One advantage of
working with enzymes is the reversible nature of catalysis. If the synthesis of a
potential substrate is troublesome then investigation of the reverse biological
process is a possible alternative. In this case the cyclisation of GSA would be
a favourable event, displacing the equilibrium in our favour. The study of
heterocycle (159) as a substrate of DHDPS is summarised in Scheme 59.
The chemical synthesis of heterocycle (159) is however not a trivial matter. In
section 4.06 the synthetic strategy towards this heterocycle will be discussed.

b _DHOPS
P ezl o )'\ + D-(159)

"0, N “coH NH* COLH
(159) L-(GSA) @1

= L)
-Ozc_..\l\\\ / .OZC'_“\\\\ OH

(158) (157)
Scheme 59 Alternative Strategy for Investigating GSA as a

Substrate of DHDPS

4.04 Synthesis of N-Acetylaspartate-B-semiaidehyde

DL-N-Acetyl-ASA was required for developing the new assay system for
in situ generation of amino acids. DL-N-Acetylallyiglycine (113) was
synthesised in 74% yield from DL-allylglycine (92) by treatment with acetic
anhydride in NaOH (aq) according to the method of Black and Wright.'5 The
methyl signal is found at & 1.97 in the TH NMR spectrum and at & 22.3 in the
13C NMR spectrum. DL-N-Acetyl-ASA hydrate (175) was then synthesised
from compound (113) by the method of Tudor'52 (Scheme 60).
Esterification of compound (113) with isobutylene produced N -
acetylallylglycine tert-butyl ester (176) in 95% yield. Ozonolysis generated
the desired aldehyde (177) in 82% yield. The aldehyde signal is found at &
9.73 in the TH NMR spectrum and at & = 199.4 in the 13C NMR spectrum.
Deprotecting the acid function of compound (177) with 50% TFA in
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anhydrous CH2Cly gave the desired DL-N-acetyl-ASA hydrate (175) in 59%
yield. In the TH NMR spectrum the proton in the 4-position was observed to
couple to the diastereomeric methylene protons in the 3-position; § 4.94, 3J
6.6 and 4.9 Hz.

Development of the assay involving in situ deprotection of compound
(175) allowed the original detection of substrate activity in ASA-methyl ester
(129). Prior to the revision of the TFA deprotection of ASA and analogues,
compound (129) was found to decompose at this stage in the synthesis. N-
Acetyl-ASA methyl ester (179) was synthesised by a modification of the
method detailed above (Scheme 61). Testing of compound (179) in the
assay involving the PKA and DHDPS enzymes showed moderate levels of
substrate activity.

Ac0 o isobutylene o
NaOH (aq) /u\ C.H2S04
+H3N COg' H CO-H u COgtBU
(92) (113) (176)
1.03
2. Et3N
OH (l)
0 OH 50% TFA in CHzClp /10]\
/Ik N7 coB
H COQH H ' BU
(175) (177)

Scheme 60 Synthesis of N-Acetyl-ASA

dry HCI/ MeOH 1.03
(113) —_—
0 °C to room temp. 2. Et3N
AcHN COMe AcHN CO-Me
(178) (179)

Scheme 61 Synthesis of N-Acetyl-ASA Methy! Ester
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4.05 Attempted Synthesis of N-Acetylglutamate-y-
semialdehyde

Having successfully synthesised N-acetyl-ASA by the method of
Tudor'52 it was decided to use the same methodology toward the higher
homologue N-acetyl-GSA (181). It was considered possible that the amide
(181) would undergo a similar cyclisation to that observed for the carbamate
analogues prepared previously by our group. The greater electron
withdrawing effect on the nitrogen lone pair in the amide compared to the
carbamate was however in our favour. The synthesis of N-acetyl-L-GSA has
been reported previously by Konodo.153 N-Acetyl-L-GSA (181) was prepared
by the persulfate oxidation of N-o.-acetyl-L-ornithine (180) (Scheme 62).

The only characterisation presented was the microanalysis of the 2,4-DNP
derivative. It is feasible that 2,4-DNP could condense with the cyclic form
(182).

NH3*
o, + CHO
0.5 t0 1 mol% Ag” OOH
0 HO', 32072" N o

OC” NHAc HOL,C™ NHAc HO,C™ R‘C
(180) (181) (182)
Scheme 62 Literature Preparation of N-Acetyl-GSA (181)

In order to use the methodology detailed in the previous section it was
necessary to synthesise first the higher homologue of allylglycine, 2-amino-5-
hexenoic acid (164). Compound (164) has been synthesised previously by
our group and isolated as its hydrochloride salt (185)154 (Scheme 63). This
was achieved from glycine equivalent N-(diphenylimethylene)-
aminoacetonitrile (98) by the phase transfer alkylation method of O’'Donnell et
al.99

In our work, DL-2-(diphenylmethyleneamino)-5-hexenonitrile (183) was
synthesised in 92% vyield from N-(diphenylmethylene)aminoacetonitrile (98)
and 4-bromo-1-butene in a two phase system (50% aqueous
NaOH/dichloromethane). Deprotonation of (98) was performed in the
aqueous medium. The resulting stabilised anion reacts with the alkyl halide in
the organic medium. Benzyltriethylammonium chloride (BTEAC) ensures a
significant equilibrium concentration of the anion of (98) in this medium. Mild
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acidic hydrolysis of compound (183) gave the corresponding aminonitrile
(184) in 61% yield after basic work up. The nitrile function is significantly
more robust to the conditions of hydrolysis required for the imine group and
more forcing conditions are necessary for this purpose. The hydrolysis was
performed by heating at reflux in both NaOH and Ba(OH)2 solution. Removal
of excess barium ions in the Ba(OH)2 (aq) hydrolysis by precipitation as
BaCOgj is an advantage but was lower yielding. Compound (185) was
isolated in approximately 70% vyield by hydrolysis in 5% NaOH and
subsequent acidification. Removal of the NaCl byproduct was considered
unnecessary although this could have been achieved by ion exchange
chromatography. The olefinic signals are found at § 5.25 and 5.98 in the 'H
NMR spectrum and § 117.9 and 137.8 in the 13C NMR spectrum.

Ph Ph /
>-——N 4-bromo-1-butene >=-" N
Fh > 40% NaOH (ag) Ph
NC

NC BTEAC
(98) (183)
2M HCl(aq)
Et-O *
. / /
G THAN 1.10% NaOH zq), refiux  F2N
2. HCl
HO,C (aq) NG
(185) (184)
Scheme 63 Synthesis of 2-Amino-5-hexenoic Acid

Hydrochloride (185)

Compound (185) was protected as previously for allylglycine
(Scheme 64). Treatment with acetic anhydride in NaOH solution gave N-
acetyl-2-amino-5-hexenoic acid (186) in approximately 84% yield. The 1H
NMR spectrum of compound (186) is illustrated in Figure 25. N-Acetyl-2-
amino-5-hexenoate tert-butyl ester (187) was prepared in 86% yield from
compound (186) by treatment with isobutylene and c.H2SO4. The tert-butyi
group is found at & 1.47 and & 26.3 in the TH and 13C NMR spectra,
respectively.
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HO,C Ac 0 HO,C
hdhd . e §
2M NaOHqq)
NHg* CrF \n/NH
(185) (186)

O

isobutylene
cHo SO,

1BUO,C
WO 1.0, Y\/\
\ﬂ/NH 2. EtgN \ﬂ/NH
(188) (187)

! ] o

tBuO,C HOLC HO,C
CF3COsH
\”/N — YN —%—— \H/N\
0 OH o OH o
(189) (190) (191)
Scheme 64 Attempted Preparation of N-Acetyl-GSA (181)

Unfortunately, ozonolysis of compound (187) resuited in a 77%
recovery of the cyclic compound N-acetyl-5-hydroxyproline tert-butyl ester
(189). The NMR spectra are fairly complex showing the presence of both
diastereoisomers and rotamers. Signals are found at § 5.49 and 5.75 for the
proton in the 4-position. A very small signal is observed at § 9.7 indicating a
very small equilibrium concentration of the aliphatic aldehyde (188). The 13C
NMR spectrum shows that the product is also a mixture of rotamers. Signals
for C-5 are found between & 80.2 and 81.4. There are eight signals observed
for the two carbonyl carbons between & 168.9 and 169.9. There is no evidence
of any aldehyde carbonyl signal. Deprotection of compound (189) with TFA
yielded N-acetyl-5-hydroxyproline (190) in 53% yield. The NMR spectra of
compound (190) were less complex. In the TH NMR spectrum a signal was
found at § 5.49 for the 5-position. The corresponding signals for C-5 were
found at & 83.2 and 83.6 in the 13C NMR spectrum (Figure 26) and the
diastereomeric ratio was determined as close to 1:1. There was no evidence
in either of the spectra for any of the acyclic aldehyde or iminium ion (191).
The biological analysis of compound (190) with the DHDPS enzyme will be
discussed in chapter 6.
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4.06 Strategy Towards the Enzymic Product of GSA with
DHDPS

The evidence suggests that GSA will exist almost exclusively in a cyclic
form in aqueous solution. This makes it very difficult to gauge its potential as a
substrate. Clearly the most feasible method for investigating the biological
activity of GSA with DHDPS is the study of the reverse process (see Scheme
57). The proposed product of the DHDPS catalysed condensation of GSA
with pyruvate is the seven membered heterocycle L-(159). However, the
recent studies by Blickling and co-workers30 indicate a likelihood that the
hydrated precursor, (2S,5S)-5-hydroxy-3,4,5,6-tetrahydro-4H-azepine-2,6-
dicarboxylic acid (2S,5S5)-(192), may be the product. Consequently, the
synthetic strategy should be applicable to both heterocycles (159) and (192).

OH
4 5 4 $ 5
3 \ 6 3 6
= ) N/
oc” 2 N 7 coH o.c” 2 No 7 coH
8 9 8
L-(159) (192)

A number of synthetic strategies to heterocycle (159) have to be
discounted. Where conjugate addition is possible on cyclisation five
membered ring formation is both the thermodynamically and kinetically
favoured outcome. An example of this is illustrated in Scheme 65. To
overcome this problem it was considered that the unsaturation should be
introduced after cyclisation. This strategy also assures the required cis-
geometry.

/ CO.P COP
POC™ "NH Po,c” N

Scheme 65 Five Membered Ring Formation
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After consideration of a number of synthetic strategies towards
heterocycles (159) and (192) it was decided that the direct condensation of
protected GSA and pyruvate was the most viable route (Scheme 66).
Enders and co-workers155 have reported the use of pyruvate derivative (193)
in the LDA promoted condensation with aldehyde electrophiles. It was
therefore proposed that condensation of pyruvate derivative (144) with bis-N-
BOC-glutamate-y-semialdehyde tert-butyl ester (174) followed by ozonolysis
and deprotection of the amino function would yield the required heterocycle
(194). in section 4.02 (Scheme 57) the synthesis of bis-N-BOC-L-
glutamate-y-semialdehyde tert-butyl ester L-(174) by Bold and co-workers149
was discussed.

OMe
N
SN
I 0] OMe
o
(193)
o) HO CO,'Bu
Z | 2
OBn N
7 ~
/N'K oA _ OBn
'BuO,C N(BOC), CO,'Bu 'Bu0,C N(BOC),
(174 (144) ,
‘1.0,
| 2. 1M dry HCIEtOAG
' OH
= . P
HO.C” Ne  “copH Buo.c” N “co,lBu
(195) (194)

Scheme 66 Proposed Synthesis of the Azepine Ring System



On preparation of heterocycle (194) the reaction conditions could then
be tailored for or against elimination. Elimination to form the dihydroazepine
(195) could be driven by tosylation of the alcohol function. It is likely however
that the thermodynamically favoured extension of conjugation would occur
spontaneously on deprotection of the tert-butyl ester groups in anhydrous
acid. Indeed, it might be necessary to protect the alcohol to avoid this
elimination until required.

4.07 Non-Symmetrical Derivatisation of Glutamic Acid

In our work, a variation on the derivatisation of glutamic acid used by Dr
McKendrick (Schemes 54 and 55) was investigated for the synthesis of bis-
N-BOC-GSA tert-butyl ester (174). 3-Methyl L-glutamate hydrochloride (165)
was prepared in quantitative yield by the method of McKendrick (Scheme
67).147 The methy! signal is found at & 3.48 in the TH NMR spectrum. The a-
acid function was protected as the tert-butyl ester (196) in 88% yield by
treatment with isobutylene and c.H2SO4. N-BOC protection was achieved in
71% vyield by treating compound (196) with BOC20 and KHCOg3. In order to
prevent cyclisation on generation of the y-aldehyde a second N-BOC group
was then introduced by the method of Ragnarsson and co-workers.146

HO2C\/YC02- SOCl,, MeOH, 0 °C M602C\/YC02H
NHz* NH;* Cr
L-Glutamic acid (165)
isobutylene,
¢.H2S0 4
MeO QC\/YcoztBu BOC 0, KHCO3 MeO QC\/\rCOZtBU
NHBOGC NH,
(197) (196)
BOC>0, cat. DMAP,
MeCN
MeOoC CO,'Bu
N(BOC)2
(198)

Scheme 67 Protection of Glutamic Acid
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Treating §-methyl L-N-BOC-glutamate tert-butyl ester (197) with BOC>0 and
catalytic DMAP in MeCN produced the desired 8-methyl L-NN-bis-BOC-
glutamate tert-butyl ester (198) in 67% yield. The signals for the tert-buty!
ester and bis-N-BOC groups are found at & 1.33 and 1.39, respectively, in the
'H NMR spectrum. The corresponding signals are found at § 27.7 and 27.8,

respectively, in the 13C NMR spectrum.

4.08 Synthesis of bis-N-BOC-GSA tert-Butyl Ester (174)

Having successfully protected L-glutamic acid our next objective was
the selective transformation of the y-methyl ester into an aldehyde. To achieve
this, selective reduction of the methyl ester to the corresponding alcohol and
controlled oxidation to the aldehyde was proposed. There are a number of
classical techniques for this oxidation, such as the Moffat oxidation, detailed in
Scheme 55, PCC oxidation'56 and oxidation catalysed by Dess-Martin
periodinane (199).157

(199)

Brown and Narasimhan'58 have reported the trimethylborate-catalysed
selective reduction of esters over other reducible groups by lithium
borohydride under a variety of conditions. In our studies it was found that the
selectivity could be extended to the reduction of methyl esters over tert-butyl
esters using trimethylborate in a catalytic role. Unfortunately, reduction of
compound (198) with lithium borohydride in the presence of trimethylborate
also resulted in cleavage of one of the BOC groups (Scheme 68). The
resulting product, tert-butyl L-2-(tert-butoxycarbonylamino)-5-
hydroxypentanoate (201), was isolated in high yield (~ 90%). It was therefore
decided that the selective reduction was best performed on the mono-BOC
precursor (197). After optimisation of the conditions it was found that the
reaction proceeded efficiently in anhydrous ether at -10 °C, yielding
compound (201) in 78% yield from compound (197). In the TH NMR
spectrum (Figure 29) the protons in the 5-position are found as a triplet at 8
3.59, 34 6.1 Hz and the broad OH signal was found at 3 2.42. Problems were
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however encountered in attempting to introduce a second BOC group with
compound (201). This problem arises from the nucleophilic nature of the
alcohol function. Unfortunately, time restraints did not allow us to develop an
alcohol protection/deprotection strategy to overcome this problem. On
reflection, this is a highly efficient and economical route to non-symmetrically
substituted glutamates which can easily be performed on a large scale and
should be equally applicable to aspartates.

MeO,C CO,!Bu BOC,0, cat. DMAP,  MeO,C CO,'Bu

NHBOC N(BOC)
(197) (198)

|

CO,'Bu t
HO /\/\l/ 2 " /\/YCOQ Bu

LiBHy4, B(OMe)a,
Et,0, 0 °C LiBH4, B(OMe)s,

Et>0, 0 °C

NHBOC N(BOC),
@1 (200)
,,..———"""S'wern type I hydroboration
- oxidation
o? CO,'Bu A CO,'Bu
N(BOC)2 N(BOC)2
(174) (202)

Scheme 68 Towards Aldehyde (174)

In order to further the strategy toward heterocycle (159), in a tightly
restricted time-frame, a two step preparation of the important intermediate
(174) was performed (Scheme 69). Starting from the previously prepared
N-BOC-allylglycine tert-butyl ester (116) a further butoxycarbonyl! protecting
group was introduced to the amino function. This was performed as described
previously, with BOC20 and catalytic DMAP in MeCN, yielding the desired
doubly protected amine (202) in 76% yield. The bis-N-BOC groups are
observed at § 1.43 in the TH NMR spectrum and at § 27.9, 82.5 and 152.2 in
the 13C NMR spectrum for the primary, quaternary and carbonyl carbons,
respectively. The second step towards compound (174) involved a ‘one-pot’
hydroboration/oxidation. This process for conversion of terminal olefins into
aldehydes was recently described by Yates.59 After treatment of compound
(202) with borane.DMS in situ oxidation was achieved by treating with 4-

106



107

methylmorpholine-N-oxide (NMO) and catalytic tetra-n-propylammonium
perruthenate (TPAP). The desired aldehyde (174) was isolated in 36% yield
after work up and purification. It is likely that the low yield is due to the ligating
affinity of nitrogen and oxygen lone pairs for ruthenium. Aldehyde (174) has a
mp of 42-44 °C and carbonyl stretches at 1786, 1732 and 1696 cm-1 in the IR
Spectrum. The distinctive aldehyde signal is found at 8 9.70 and § 201 in the
H and 13C NMR spectra, respectively.

Although without the stereocontrol of the previous derivatisation route
and not as economical, this simple route ailowed the preparation of a small
quantity of the racemic material for further development of the strategy towards
heterocycle (159). | [

0 11

——
- .\\«_f
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Figure 29 The 'H NMR Spectrum of Alcohol (201)



N CO.'Bu  BOC0, cat. DMAP N CO,'Bu
MeCN
NHBOC N(BOC),
(116) (202)
one pot
Z CO5'Bu BH3.DMS then
o} TPAP/NMO
N(BOC),
(174)
Scheme 69 Aiternative Synthesis of Compound (174)

4.09 Condensation of Pyruvate with Aldehyde (174)

Following preparation of aldehyde (174) the next step towards
heterocycle (192) was the condensation with a pyruvate equivalent (see
Scheme 66). It was decided to attempt the condensation of the previously
prepared pyruvate analogue (144) (see section 3.08) with benzaldehyde,
thus developing the methodology without using our limited supply of aldehyde
(174). Unfortunately, when this condensation was attempted, following the
method of Enders and co-workers,55 a 66% recovery of (203) which is the
self-condensed pyruvate derivative (144) was obtained (Scheme 70). This
indicates that the tert-butyl ester has insufficient steric bulk to prevent self
condensation. To counter this problem we need to move more closely towards
the bulkier 2,6-di-tert-butyl-4-methoxypheny! ester (193) used by Enders and
co-workers.155 One disadvantage of using a pheny! ester such as (193) is that
we would require the introduction of a further deprotection step for removal.
Phenyl esters are readily cleaved under basic conditions (HoO2, H20, DMF,
PH 10.5, 20 °C, 15 min).160 Alternate bulky protecting groups such as cumyl
esters (-CO2CPh(Me)2) and trityl esters (-CO2(Ph)s) would also be worthy of
consideration. Clearly, further development of this method is required, which
we did not have time to complete.

Ph (o)
NN 1. LDA/LiBr, THF, -78 °C |
J\ 2. PhCHO, THF, -78 °C 'BuOC |
‘BuO,C 3. sat NH4CI (aq) !
pr” o~

(144) (203)

Scheme 70 Self-Condensation of Pyruvate Derivative (144)

108



OMe

l 0] OMe

(193)

4.10 Synthesis of 5-Hydroxyproline (157)

S-Hydroxyproline (157) is the immediate product of cyclisation of GSA.
Consequently, the study of the interaction of this compound with the DHDPS
enzyme is of interest to us. The only record of compound (157) which could
be found in the literature concemed its synthesis and dated back to 1926. In
this article Abderhalden and Schwab detailed the synthesis of compound
(157) by the hydrogenation of pyroglutamic acid in acetic acid.161
Unsurprisingly, the characterisation presented for this compound was
somewhat limited. Abderhalden and Schwab further noted the instability of
this compound, characterised by a colour change on exposure to light.

In our work, it was considered that the preparation of N-BOC-5-
hydroxyproline tert-butyl ester (204) would allow us to generate the desired
amino acid under milder conditions. The ‘one-pot’ hydroboration/oxidation
method of Yates,'59 discussed previously, was used for the synthesis of
compound (204) directly from compound (116) (Scheme 71). The yield for
the transformation was only 16% after purification. The TH NMR spectrum
shows evidence of a diasterecisomeric product mix, in a close to 1:1 ratio. The
signal for the proton in the 5-position is found as a multiplet at § 5.49.

Preparation of 5-hydroxyproline could be achieved by the deprotection
of either compound (204) or aldehyde (174) (Scheme 71). On
examination of the characterisation data of these two compounds it was
decided that aldehyde (174) was the purer of the two and thus presented
greater chance of success. Consequently, the desired amino acid was
Prepared by treating aldehyde (174) with anhydrous HCI in EtOAc. The NMR
Spectra showed evidence for the preparation of 5-hydroxyproline
hydrochioride (205), such as disappearance of carbamate carbonyis in the
13C NMR spectrum and the presence of the expected signals. However, not
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unexpectedly, the low stability of this compound meant its purity was not
compietely satisfactory. It must therefore be stressed that this method can only
be described as a crude preparation and the biological results detailed in
Chapter 6 should be considered similarly.

F one-pot
BH3/DMS, Et,0
3/ 2 OH
. then N
BuO,C NHBOC NMO, TPAP 'BuO,C BOC
(116) (204)
i dry HCI.EtOAc
|
P
dry HCLEtOAc OH
'BuO,C N(BOC), HO,C ”g Cr
(174) (205)
Scheme 71 Synthesis of 5-Hydroxyproline Hydrochloride
(205)

4.11 Conclusions

In this chapter we have detailed two novel indirect strategies towards
the investigation of GSA as a substrate of the DHDPS enzyme. The argument
presented supports the view that our target compound, glutamate-y-
semialdehyde (GSA), is of low stability and is only ever present in very small
equilibrium concentrations. The lack of any conclusive evidence in the
literature supports this argument. Consequently, it is considered that it would
be very difficult to derive meaningful conclusion from attempts to study direct
interaction between GSA and the DHDPS enzyme. Our alternative strategy,
however, has scope for success. One could query the value of achieving our
objective, proving that GSA is a substrate of DHDPS, when clearly the
instability of GSA dictates that little could be gained. We would argue that
there are potentially two significant gains from our ‘reverse’ strategy. Firstly we
would gain knowledge that analogues of both GSA and the seven-membered
heterocycle have potential as inhibitors or substrates of DHDPS and related
enzymes. And secondly we would have discovered a mild stereospecific
method for producing GSA and possibly other analogues.

The first strategy involved in situ generation of GSA from its N-
acetylated precursor by enzymic cleavage. This theory was validated by the
synthesis and successful performance of a two enzyme assay system of the N-
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acetylated natural substrate. N-Acetyl-GSA was however observed to cyclise
immediately upon preparation. This result discounts this strategy for this
particular target but might be applied to other potential metabolites of DHDPS
and to other biotransformations. Furthermore, the basic idea of in situ
generation of GSA could be possible by alternate biotransformations.

Our second strategy involved the investigation of the reverse process
between the DHDPS enzyme and its likely product with GSA. Clearly the
synthesis of the proposed seven membered heterocycle (159) is not a trivial
task. However, we have established some sound methodology towards this
end. In particular, the non-symmetrical derivatisation route of glutamic acid,
detailed in Section 4.08, is recommended for future adaptation of this strategy
and for other relevant studies.

4.12 Future Work

There is scope for further developing the ‘reverse’ strategy for the
investigation of GSA as a substrate of DHDPS. To that end, the proposed
synthesis of heterocycle (159) by condensation of pyruvate and GSA units,
will require amendment. The problem arises from generation of an enolate
from the a-keto moiety (144). intramolecular interaction can readily occur
between the enolate and the ester unless there is significant steric restriction.
In Section 4.09 we discussed the possibility of using bulkier pyruvate units.
Alternatively, a pyruvate analogue with a non-electrophilic acid equivalent,
such as one derived from pyruvonitrile, could be considered. Similarly, a
derivatised free acid of pyruvate could be considered for generating the
double anion for condensation with the GSA equivalent.

One alternative strategy for the synthesis of the dihydro-(2H)-azepine
ring system is detailed in Scheme 72. Key to this process is the construction
of the carbon skeleton prior to cyclisation. We have proposed an
‘intermolecular ene’ reaction between methyl glyoxylate (206) and protected
amino acid (207) for this purpose. The synthesis of the parent amino acid of
compound (207) was detailed in Section 4.05 (Scheme 62). Use of a Lewis
acid catalysed ‘ene reaction’ for similar purpose has previously been reported
by Vederas and co-workers.'62 Earlier investigations of this process by
Agouridas et al.163 indicated that when the steric bulk of the olefin was remote
from the reaction site the cis-geometry was favoured (2:1). The next step of the
synthesis involves oxidation of the secondary alcohol (208) to the «-keto
moiety (209). Vederas and co-workers!62 reported that this transformation
was achieved efficiently by Dess-Martin oxidation. One difference in our
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proposed method from that of Vederas and co-workers162 is the use of the 9-
fluorenylmethyl carbamate (FMOC) group for protecting the amino function.
This protecting group is stable to both Lewis acids and oxidation. After
oxidation, the FMOC group can be selectively removed from o-keto ester
(209) by treatment with piperidine. This should lead to spontaneous
cyclisation and dehydration to yield the dihydro-(2H)-azepine ring system
(210). Hydrolysis of dimethyl ester (210) by the method of Vederas and co-
workers162 would give the desired heterocycle (211).

MeOLC COoMe
elz w X CO,Me FeClz or SnCly -
(l)) ‘ene reaction’ NHFMOC
H NHFMOC MeO5C OH
(206) (207) (208)
i Dess-Martin
(O]
Y
— COgMe
piperidine
\ ommmotomommooiees NHFMOC
MeO,C N CO.Me MeO,C o)
(210) (209)
T LiOH
‘. \
L+ ‘oc” N Tcor Lt
(211)
Scheme 72 Alternative Synthesis of the Dihydro-(2H)-

Azepine Ring



Chapter 5 Synthesis of Inhibitors of DHDPS
and DHDPR

5.01 Introduction

Previously, in section 2.06 and 2.07 the potential of blocking the DAP
biosynthetic route to lysine with compounds which may have antibacterial or
herbicidal activity has been discussed. In particular, it was noted that biocking
the pathway at one of the first two steps, prior to branching into succinylase,
acylase or dehydrogenase pathways to meso-DAP (27), had potential for a
broader spectrum of activity. In section 2.14 and section 2.19 we reviewed
work previously done on inhibition of DHDPS and DHDPR, respectively. The
necessary binding nature of competitive inhibitors dictates, almost without
exception, that each is a close substrate, transition state or product analogue
of the enzyme or receptor in question. In sections 2.20 to 2.22 we mentioned
an application of this property to further our objective of inhibiting the DHDPS
and DHDPR enzymes. In this chapter we will consider two such cases:
analogues of pyruvic acid (21) and sulfur-containing heterocyclic analogues
of DHDPA (24) and THDPA (25). Our interest in these areas is justified by
examination of previous findings. The synthesis of appropriate analogues to
further the investigation is discussed. The biological activity of these
compounds and conclusions therefrom are detailed in the next chapter.

5.02 Pyruvic Acid Analogues as Substrates of DHDPS

Since substrates and competitive inhibitors can be considered to
interact with the active site of an enzyme then one should consider previous
work in both areas for further development of inhibitors. Earlier studies within
our group by R.A. Campbell, J.E. McKendrick and principally by Dr P. Mallon
indicated a positive UV substrate assay for the simple pyruvate analogues
methyl pyruvate (212), ethyl pyruvate (213) and pyruvamide (214) (Figure
30). Further investigation showed that all of these compounds have almost
identical electrospray mass spectra with DHDPS, after reduction with NaBHa,
to that of pyruvate and DHDPS (Figure 12). From this we can conciude that
it is likely that the esters (212) and (213) are hydrolysed to pyruvate before
combining with the enzyme. The amide (214) is not so clear a case. It is very
much less likely that this compound could be hydrolysed to pyruvate under the
mild conditions of the assay. We also have the further problem that the
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reduced DHDPS-pyruvamide adduct would have the same molecular weight
as that for the reduced DHDPS-pyruvate adduct (30). We could possibly
navigate around this problem by investigating an analogue with a higher
molecular weight such as NN-dimethylpyruvamide (215). Ideally we would
like to isolate, purify and identify products of our biotransformations. Some of
the problems associated with this are discussed in the next chapter.

o/l\coznne O)\COgEt o)\cor\mg

(212) (213) (214)
)\ )\/COQEt COREt
0 CONMe; o) o)
(215) (216) (217)

Figure 30 Pyruvate Analogues with Potential Substrate Activity.

Further studies by Dr. Mallon have shown substrate activity for ethyl
acetoacetate (216) with DHDPS. On scaling up the process in the presence
of ASA a small quantity of an amorphous solid was isolated. Treatment of this
solid with ethereal diazomethane and subsequent GCMS analysis showed
two peaks. The m/z value of the major product coincided with that of the
expected biotransformation product. Problems were encountered however,
with the interpretation of the NMR and IR spectra. It was considered that the
problem could be in some part be due to the likely tautomerisation of the
product (Scheme 73). This could possibly be avoided by the study of the
derivative, ethyl ao-dimethylacetoacetate (217). The synthesis of compound
(217) should be straightforward and the removal of the two reactive o-
hydrogens could be of further benefit. Dr Mallon also noted problems with
attempted repetition of the biotransformation of (216).

In our work, we found that the free acid analogue of compound (216),
rather unexpectedly showed no substrate activity by UV. This may be related
to its high reactivity. It is supplied as its lithium salt and it is quite likely that at
the assay pH of 7.4 it readily enolises and undergoes self condensation and
possibly decarboxylation. Furthermore it was found by UV assay that the
biotransformation’ with ethyl acetoacetate (216) in place of pyruvate
proceeded with equal efficiency without DHDPS enzyme. For these reasons
we were led to conclude that the interaction of (216) with ASA was a non-
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enzymic aldol interaction producing the pyridine analogue (218) (Scheme
74).

Scheme 73 Ethyl acetoacetate (216) as a Possible Substrate
of DHDPS

J\/CO imidazole COMEl
o oEt _0/\/ 2

(216)
{ASA (23)
CO; OH
CO,Et COzEt

F

"0,C 0
=
(218)

Scheme 74 Non-Enzymic Reaction of Ethyl acetoacetate

(216)
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5.03 Pyruvic Acid Analogues as Inhibitors of DHDPS

On the basis of the promising results for unnatural substrate activity of
pyruvate analogues, demonstrating a non-specificity in substrate selectivity, it
was recognised that there is scope for inhibition of the DAP pathway to L-
lysine at this point. Interest in this area was first explored by our former group
members L. Couper and D. Tudor, and some promising results were achieved.
The most effective pyruvate-based inhibitors164 of DHDPS were found to be:
methyl pyruvate semicarbazone (219); methyl pyruvate thiosemicarbazone
(220); the ethyl hydrazinoacetate derivative (221) of methyl pyruvate; the
methyl hydrazinocarboxylate derivative (222) of methyl pyruvate; ethyl
bromopyruvate semicarbazone (223); ethyl bromopyruvate methyloxime
(224) and aa-dioxopimelic acid (225) (Figure 31). The results from
inhibition studies with these compound are summarised in Table 7.

Compound Inhibition of DHDPS
(219) 10% at 0.1 mM
(220) 10% at 0.1 mM
(221) 62% at 0.1 mM
(222) 100% at 0.5 mM
(223) 50% at 0.1 mM
(224) 14% at 0.1 mM

(225)165 75% at 0.1 mM

Table 7  Pyruvate Inhibitors of DHDPS

A

HoNCOHN—N CO.Me H,NCSHN——N CO-Me
(219) (220)

Br

CO,Et 1

MeO G
< A /* /
H—N CO,Me u-—N COMe  HoNCOHN—N COoEt
(221) (222) (223)
Br

(0] (0]
7 /“\/\/U\
HO,C CO.H

MeO —N  “CO.Et
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Figure 31 Pyruvate Inhibitors of DHDPS



5.04 Synthesis of Pyruvic Acid Analogues

As pyruvic acid is a fairly simple molecule, there are relatively few
variations on its structure that we can explore. Experience has shown that
despite their simple appearance, small compounds of this type are often
highly reactive and therefore difficult to work with and purify. Pyruvic acid itself
is a rather unstable compound exhibiting a tendency to decarboxylate and
polymerise. Indeed, pyruvic acid has been noted to polymerise even in frozen
aqueous solution.166 There are a number of synthetic transformations leading
to a-keto acids and these have been well documented in a review by Cooper
and co-workers.167 Qur studies have followed on from the recent work of our
group and concentrated on the derivatisation of pyruvate esters. Pyruvate
esters are generally easier to handle than their free acid counterparts and in
most cases can be purified by crystallisation or chromatography.

in our recent work to further this investigation derivatisation of methyl
pyruvate with the amino acids homoserine, homocysteine and homocystenic
acid was attempted. These compounds, (226), (227) and (228), respectively
(Figure 31), are structurally related to the more effective pyruvate derivatives
found at that stage. They are similarly functionalised to the proposed enzyme
intermediate and importantly, are very unlikely to participate in cyclisation.

OH SH SO3H
‘G,C u{ COsMe ‘0,C u{ CO,Me "0;C ;'\4'+ CO.Me
(226) (227) (228)

Figure 31 Original Targets for the Extension of the Study into
Inhibition of DHDPS.

However, although the formation of Schiff bases between amino acids
and ketones has been reported,’68 we found that the extensive functionality
present here posed us a number of problems. Also, the zwitterion nature of the
products made separation from any unreacted starting amino acids rather
difficult. We found great difficulty in forming the required product with methyi
Pyruvate and cysteine under a range of conditions - acidic or basic catalysis.
We also attempted removing the water produced with activated molecular
sieves (4A) under a N> atmosphere. To simplify the synthesis we also
attempted to form a Schiff base using the less functionalised amino acid
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alanine. With this amino acid an exothermic process accompanied by a colour
change (clear to yellow) was observed almost immediately. The TH NMR
spectrum however was not easily identifiable and the material proved to be
difficult to purify.

The ethyl ester analogues of some of the more effective pyruvate
inhibitors of the DHDPS enzyme, compounds (229) to (232), along with
known compound (220) for comparison, were synthesised by the method of
Vogel'89 (Figure 32). The derivatives were isolated in yields of 67 to 98%
after crystallisation from ethanol/water.

/L /L
CO,Et

HoNCOHN—N CO,Et HaNCSHN—N
(229) (230)
H -
EtO» N =z MeO,C =
RN CO,Et \N CO,E
(231) (232)
Br O\(
1 /E
o} COEt HoNCOHN—N CO,Et
(233) (234)

Figure 32 Other Pyruvate Analogues Synthesised.

The synthesis of derivatives of ethyl bromopyruvate (233) was much
more troublesome. The extra electrophilic site not surprisingly reduces the
yield of our desired product, in some cases introducing further possibilities
such as cyclisation, and in all cases there is a requirement for extensive and
often difficult purification steps. Known compound (224) was synthesised in
low yield (50%) by direct condensation of ethyl bromopyruvate (233) and
methoxylamine hydrochloride in ethanol. The synthesis of the semicarbazone
derivative of ethyl bromopyruvate (233), however, caused us a great deal of
problems. The method used by D. Tudor64 did not detail any purification steps
and was therefore of little use to us. The polar nature of the compound limited
Us to using alcohol for chromatographic separation. The only workable
purification system we found involved using an iPrOH/CHCI3 solvent mix on a
silica column. Unfortunately it appears that the alcohol displaces the bromine
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under these conditions to yield the corresponding isopropyl ether (234), in
excellent purity but poor yield (5%).

The activity of these compounds with the DHDPS and DHDPR enzymes
and the associated problems are discussed in detail in the next chapter. The
results did not warrant any further investigation in this area.

5.05 Analogues of DHDPA and THDPA as Inhibitors of
DHDPS and DHDPR

We will consider DHDPA (24) and THDPA (25) together because of
their structural similarity. Due to their low stability, as experienced with the
synthesis of these metabolites, we find that our search for analogues most
commonly involves changing certain structural features markedly in order to
introduce stabilisation. As a consequence our investigation has focused
almost exclusively on the search for inhibitors. An exception could be made for
those compounds that show substrate activity with DHDPS. By means of a
DHDPS/DHDPR coupled assay, discussed in more detail in the next chapter,
we can test for dual enzymic activity. DHDPR is of less interest as a
biotransformation catalyst, since the reduction reaction is chemically less
interesting, and secondly, because of the restriction on potential substrates
imposed by the stability problems.

Prior to the recent purification of DHDPR by our biochemical
colleagues, a number of analogues of DHDPA and THDPA were tested as
inhibitors of DHDPS. In section 2.14 we detailed earlier studies by our group
concerning the inhibition of DHDPS by pyridine and piperidine analogues
(Figure 15). Notable from this study5® was that esters were poorer inhibitors
than their carboxylic acid analogues. Likewise, monoacid systems were
poorer inhibitors than their diacid counterparts. Most interestingly, the
saturated piperidine analogues were very much poorer inhibitors. As these
piperidines have similar polarity to their pyridine equivalents, this suggests a
high substrate ‘shape’ selectivity tending towards the planar ring system.

5.06 Thiazines and Thiazoles as Inhibitors of DHDPS

Our interest in thiazines and thiazoles as inhibitors of the DHDPS
enzyme was originally aroused by our former group members D. Tudor?70 and
S.J. Connell.'7! Compound L-(64) and compounds (235) to (239) showed
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some interesting activity (Figure 33). The results from inhibition studies with
these compounds with DHDPS are detailed in Table 8.
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‘\\\\\[ l “‘\\\[ j\
HO.C" N COy EtO,C” N COoEt
Ho* H

L-(64) (235)
S s
1 L
MeO.C m . GOy EtO,C N CO,Et
2
(236) (237)
/[‘S /[S
EtO,C N)\COZE‘ NC N)\CN
(238) (239)

Figure 33 Thiazines and Thiazoles with Interesting Inhibitory
Properties of DHDPS

Compound Inhibition of DHDPS
L-(64) 88% at 0.5 mM, 0% at 0.1 mM
(235) 10% at 0.1 mM
(236) 20% at 0.1 mM
(237) 30% at 0.5 mM
(238) 15% at 0.1 mM
(239) 18% at 0.1 mM

Table 8 Inhibition of DHDPS by Thiazines and Thiazoles

It is difficult to draw firm conclusion from some of these early results. In
our recent work it was found that employing the DHDPS/DHDPR coupled
assay for inhibition studies helped in obtaining reliably reproducible results.
Extension of this library of compounds has allowed us to build up a valuable
inhibition profile of the DHDPS/DHDPR enzymes incorporating steric,
electrostatic and stereochemical factors.



5.07 Synthesis of Thiazines

As with previous studies5%.172 compound L-(64) was synthesised by the
direct condensation of L-cysteine and bromopyruvic acid in water. Similarly,
the enantiomer D-(64) was synthesised from D-cysteine. The separate
enantiomers were isolated in 88% and 83 % yield, respectively. They were
shown to have optical rotations of -70.7° and +70.6°, respectively, in
methanolic solution and the NMR spectra show no evidence of the imine or
open chain forms. Diethyl (R)-3,4-dihydro-2H-1,4-thiazine-3,5-dicarboxylate
(235) was synthesised, in 87% yield, by the direct condensation of L-cysteine
ethyl ester and ethyl bromopyruvate, according to the method of Berges and
Taggart.173 The dimethyl ester (240) and di-tert-butyl (241) esters were also
synthesised by direct esterification of compound L-(64) by classical
methodology. The respective ester signals were found as singlets in the 1H
NMR spectra at § 3.71 and 3.72 for compound (240) and & 1.44 and 1.46 for
compound (241).

2,2-Dimethyl substituted thiazine analogues (243) and (244) were
synthesised from DL-penicillamine (242). Compound (244) was prepared in
low yield (7%) by direct condensation with bromopyruvic acid in glacial acetic
acid and subsequent esterification. The molecular ion for the parent
compound was found at m/z 273 in the mass spectrum. The free acid
analogue (243) was an interesting case. It was first isolated as a solid in an
NMR tube while investigating the failure of the desired compound to
precipitate from an aqueous solution. The subtle differences in solvation
between D,0 and H,O were enough to promote precipitation. It is likely that
other small changes in the physical conditions, such as polarity of the medium
and temperature, would have similar effect. The exchange of a proton for a
deuterium in the 3-position of bromopyruvic acid suggests a rapid
equilibration between imine and enamine forms (Scheme 75). In the 1H
NMR spectrum a small signal at § 6.09 is observed for unexchanged protons
in the 6-position. Once again there is no evidence in either the H or 13C NMR
spectra for the imine form.

Imidate and tetrazole groups are known to be good carboxylic acid
mimics in biological systems. In earlier studies by J.E. McKendrick>® pyridine-
2,6-dimethylimidate (38) and pyridine-2,6-ditetrazole (39) (Scheme 15)
were found to show interesting activity with the DHDPS enzyme. It was
considered that the thiazine equivalents (247) and (248) may also be of
interest. Diimidates and ditetrazoles can be synthesised via the corresponding
dinitrile (246) (Scheme 76).
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Scheme 76 Synthesis of Imidates and Tetrazoles
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Treating compound (235) with anhydrous methanolic ammonia gave
the corresponding dicarboxamide (245) in 59% yield. Unfortunately, the
forcing conditions required for the dehydration of 3,4-dihydro-2H-1,4-thiazine-
3,5-diamide (245) to the dinitrile (246) proved too severe. Even mild
dehydrating agents such as chlorosulfonyl isocyanate!74 (249) (Scheme
77) effected decomposition. This transformation has previously been
achieved for the corresponding thiazole (238) and pyridine (35). We
therefore conclude, that without aromatic stabilisation, decomposition is
observed under the forcing conditions required.

O o
)k + EtaN == R/k + EtzNH*
R NH> NH

1 0=C=N-S0,Cl
(249)

R

A

N
R—C==N ) A\_"I'
+ CO; + EtzN —— 6 NH\H

+ HoNSO,Cl 0 28\
Cl

Scheme 77 Dehydration by Chlorosulfonyl Isocyanate (250)

Another variation on the thiazine ring system that we are interested in
are different ring oxidation states. Varying the extent of unsaturation of the ring
results in a change of shape of the ring and orientation of the acid groups.

Treating the thiazine dimethyl ester (240) with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) resulted in oxidation to dimethyl 1,4-
thiazine-2,5-dicarboxylate (250) in 72% yield (Scheme 78). Interestingly, in
the TH NMR spectrum a coupling is observed (1.2 Hz) between the methylene
protons in the 2-position (5 3.39) and the olefinic proton in the 6-position (&
7.66). Hydrolysis of compound (250) was attempted by a variety of methods:
including acidic and basic hydrolysis; treatment with NaBHa/l2;175 treatment
with AICI3/DMS;176 and treatment with KO!Bu/H>O (4:1) (a source of
anhydrous hydroxide).177 Although there were signs of success for most of
these methods, a combination of low stability and difficulty in purification
meant that it was impossible to isolate the desired product (251).
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Scheme 78 Preparation of the Fully Oxidised Thiazine

Fortunately, the preparation of the saturated ring system was a
somewhat easier task. Thiomorpholine-3,5-dicarboxylic acid (253) has been
prepared, as early as 1937, by Coghill.178 Compound (253) was formed by
treating thiodiacetaldehyde (252) with ammonium cyanide and subsequent
hydrolysis (Scheme 79).

S S S
l/ ﬁ NH;CN c.HCI
CHO CHO
(252) H,NOC u CN HOLC ”2+ co
(253)
Scheme 79 Synthesis of Thiomorpholine-3,5-dicarboxylic

Acid (253)

In our work, we chose to follow the more recent method of Lucente and co-
workers179 for the preparation of dimethyl thiomorpholine-3,5-dicarboxylate
(256). Direct condensation of L-cysteine methyl ester hydrochloride (254)
and racemic methyl 2,3-dibromopropionate (255) yielded the desired diester
(256) as a mixture of cis- and trans-isomers in 75% overall yield (Scheme
80). The two diastereoisomers were separated by chromatography on silica
gel. The compounds were identified by GCMS analysis (M* 219) and the
diastereomeric ratio was found to be 60:40 in favour of the cis-isomer. The
pseudo-axial/axial arrangement of ester groups in the cis-isomer was
thermodynamically favoured. Interestingly, in accord with the findings of
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Lucente and co-workers,179 the trans-isomer was found to be the more polar of
the two. The relative polarities were indicated by their respective R values on
silica gel. Furthermore, in the 13C NMR spectrum of the chiral trans-isomer we
do not see separate signals for C-2 and C-6 or for C-3 and C-5. Conclusive
distinction between the meso- and threo- diastereoisomers is therefore found
in their optical rotations, which compare with the literature.179 ¢is- and trans-
Isomers of thiomorpholine-3,5-dicarboxylic acid (253) were prepared by
basic hydrolysis of the individual diesters (256) to yield the desired
compounds in high yield (Scheme 80). This method of hydrolysis was
suggested by Portalone and co-workers'80 and was shown not to result in

racemisation.
SH Br
[ * /[
COgMe

MeO,CY “NHg* CI° Br
(254) (255)
EtzN
S S
3(R)[ js(S) + 3(R)[ 5(R)
.\\‘\\ /I’h. _‘\\\\\
MeQ,C" H “COxMe MeO,C’ ” CO.Me
cis-(meso)-(256) trans-(threo){256)
KOH KCOH
S s
.\\\\\[ j’lllh -“‘\\\[ j\
K* "0.C” ” "COx” K* K* "0,C’ u CO,” K*
cis-(meso)-(253) trans-(threo){253)
Scheme 80 Alternative Synthesis of Compound (253)

5.08 Synthesis of Thiazoles and Thiazolidines

Our interest in five membered heterocycles followed from the earlier
results within our group for the thiazoles (238) and (239) (Table 8). As for
the six-membered heterocycles, it was considered necessary to have
carboxylic acid groups, or equivalents, adjacent to the nitrogen atom. A
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number of possible targets were identified from an extensive literature search

(Figure 34).
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Figure 34 Target Thiazoles and Thiazolidines

It was originally intended to synthesise thiazole-2,4-dimethylimidate
and thiazole-2,4-ditetrazole from dinitrile (239), as detailed for the 6-
membered equivalent in Scheme 76. The preparation of dinitrile (239) is
detailed in Scheme 81. The aliphatic precursor (265) to heterocycle (238)
was prepared, in 94% yield, on treating cysteine ethyl ester hydrochloride
(263) with ethyl oxalyl chloride (264). In the TH NMR spectrum of compound
(265) the thiol proton is observed as a triplet (§ 1.55, 3J 9.0 Hz), by virtue of a
coupling through sulfur with the adjacent methylene protons. When two
equivalents of ethyl oxalyl chloride were used double substitution on cysteine,
at both nitrogen and sulfur, was observed in 84% yield. The
cyclisation/oxidation of precursor (265) (step 2, Scheme 81) proved
troublesome. The transformation was achieved in 14% vyield with P4S1g,
according to the method of Tudor, 18! but problems with disposal of the
byproducts made this route impractical on a large scale. Attempted cyclisation



with PCl3, POCI3 (Bischler-Napieralski'82 type cyclisation) or with catalytic
quantities of acid (PTSA) or base (DMAP) under dehydrating conditions, were
all shown to favour elimination of H2S. Any product that was formed in each of
these cases was found to present further purification problems (TLC). A
related cyclisaton was found in the literature183 using anhydrous HCI in Et20.
However, when this transformation was attempted, dimeric derivative (267)
was recovered as the product after approximately ten weeks reaction time
(see Scheme 82).
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(263) (264) (265)
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(258) (238)
Wa
S

(239)

Scheme 81 Synthesis of the Dinitrile (239)

Because of the problems associated with the cyclisation of compound
(265) an alternative synthesis of thiazole diester (238) was also used. Direct
condensation of ethyl bromopyruvate and ethyl thiooxamate (268), according
to the method of Erlenmeyer et al.,184 yielded a 60% recovery of the desired
heterocycle. The single aromatic proton is found at § = 8.42 in the TH NMR
spectrum. Hydrolysis of compound (238) in EtOH/KOHaq), adapted from the
method of Erlenmeyer et al.,184 gave the thiazole diacid (257) in 23% vyield.
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Treating compound (238) with anhydrous methanolic ammonia
resulted in precipitation of the dicarboxamide derivative (258). Subsequent
dehydration of the dicarboxamide by phosphorus oxychloride resulted in a
44% recovery of the target thiazine dinitrile (239). Signals for the nitrile
carbons are found in the 13C NMR spectrum at § 111 and 112. Inhibition
results, detailed in the next chapter, dictated that no attempt was made to
transform the dinitrile (239) into the dimethylimidate or ditetrazole.

Ethyl 2-amino-1,3-thiazole-4-carboxylate (259) was prepared by a
similar process to that of compound (238). Direct condensation of ethy!
bromopyruvate with thiourea yielded a 61% recovery of the desired
heterocycle. In the TH NMR spectrum, a signal is observed for the aromatic
proton at § 7.60. Diethyl 4-methyl-1,3-thiazole-2,5-dicarboxylate (260) was
synthesised from ethyl 2-chloroacetoacetate (269) and ethyl thiooxamate
(268) according to the method of Boon185 (Scheme 83). Heterocycle (260)
was isolated in 35% vyield. Signals for the aromatic carbons are found in the
13C NMR spectrum at § 127, 159 and 159.
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Scheme 83 Synthesis of Heterocycle (260)

Thiazolidine-2,4-dicarboxylic acid (261) and 5,5-dimethylthiazolidine-
2,4-dicarboxylic acid (262) were synthesised as diastereomeric mixtures by
the method of Bentley et al.186 Direct condensation of glyoxylic acid with L-
cysteine and DL-penicillamine gave respective recoveries of 43% and 56%.
The molecular ions are found at m/z =177.0096 and m/z = 205.0393 in the
high resolution mass spectra for compounds (261) and (262), respectively.

5.09 Conclusion

In this chapter we have described the synthesis of a number of
analogues of pyruvate and heterocyclic analogues of DHDPA and THDPA.
The results of inhibition studies on these compounds, while informative on
function of the DHDPS and DHDPR enzymes, do not vindicate further
investigation in this area. These results along with those of the our substrate
studies are discussed in detail in the following chapter. In conclusion
therefrom we elaborate a possible alternate direction for inhibition of these
enzymes.
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Chapter 6 Biological Results and Discussion

6.01 Introduction

In previous chapters we described the preparation of substrates and
analogues of the DHDPS and DHDPR enzymes. In this chapter we discuss
the biological evaluation of these potential inhibitors and substrates and
limitations thereon. In conclusion, we summarise this research project and
indicate areas of possible further study.

In sections 2.11 and 2.16 we discussed established assay systems for
characterisation of DHDPS and DHDPR activity, respectively. Ideally, a
suitable assay for monitoring enzymic activity invoives observation of a ‘real
time’ change in a physical property related to concentration. Suitable for this
task is the observation of change in UV absorbance with respect to time. In
accord with Beer's Law, UV absorbance is directly proportional to
concentration. It is also possible, however, to monitor the extent of conversion
post-reaction. A number of alternative quantitative analytical techniques are
available for this evaluation, such as: UV, MS, NMR, fluorescence
spectroscopy and radiolabelling. Commonly these analytical techniques are
linked to LC systems to separate the analyte in question from other ‘noise.’
The advantages of a ‘real time’ assay are that we can see the results instantly,
need not develop a purification procedure and can compare with a single
standard. For the standard or ‘blank’ run the assay is performed with the
enzyme and substrates at pre-set concentrations. Subsequent assays differ
only in that varying levels of inhibitor are present. The extent of inhibition is
determined by direct comparison of gradients of the absorption versus time
curves (Figure 35).
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Figure 35 Typical Inhibition Profile
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Substrate assays are performed in a similar manner where the potential
substrate replaces a substrate in the assay at the same concentration. Due
regard must be given to alteration of the chromophore when comparing
activity with the blank.

6.02 Standard Assays for DHDPS and DHDPR

The DHDPS ‘synthase’ assay and DHDPS/DHDPR ‘coupled’ assay
detailed in section 2.11 (Scheme 13) were used for the evaluation of our
inhibitors.

The standard 1 ml synthase assay has ASA and pyruvate at 1 mM,
imidazole buffer (pH 7.4) at 100 mM and 10 ul of purified DHDPS in 50%
aqueous glycerol. Activity was determined by the change in absorbance at
270 nm with respect to time.

The standard 1 ml coupled assay has the substrates and buffer at the
same concentration. NADPH co-factor was present at 0.250 mM. The DHDPS
and DHDPR enzymes (10 pl) in 50% aqueous glycerol were added as 10 fold
and 250 fold diluted solutions (H20), respectively. Activity was determined by
the change in absorbance at 340 nm with respect to time.

Aqueous stock solutions of ASA, pyruvate and NADPH were prepared
at 20 mM and stored, along with the enzymes, at less than -20 °C. Stocks of
aqueous imidazole buffer were prepared at 1 M and stored at 4 °C.

6.03 Limitations of the DHDPS ‘Synthase’ Assay

Although the ‘synthase’ assay has previously been extensively used by
our group, great difficulties were experienced with this assay. Many of our
studies, including all those on previously tested ‘inhibitors,’ proved to be
irreproducible. In some cases we observed an apparent negative inhibition,
where the enzymic reaction appeared to be promoted by the potential
inhibitor. In some cases the estimated ‘inhibition’ could vary by more than
100% for successive repetitions of an experiment. The difficulties created by
these early observations were a massive hurdle, and took in excess of a year
to overcome. it was acknowledged at an early stage that a major problem was
the high levels of UV absorption by our potential inhibitors at the assay
wavelength, 270 nm. It is notable that almost all saturated carbonyi-containing
compounds absorb strongly at this wavelength. This problem was
compounded by the fact that our inhibitors were not particularly efficient and
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were studied at relatively high concentrations, in the region of 1 mM. As a
result, very little of the incident UV beam passed through the sample to the
detector. This makes the experimental error a significant factor. Extensive
studies with ethyl pyruvate thiosemicarbazide (230), which displayed
consistent ‘negative inhibition,” showed that a positive assay could be
obtained in the absence of either of the natural substrates or in the absence of
DHDPS. It is this non-enzymic interaction that is responsible for the apparent
‘negative’ result. It is not difficult to envisage a nucleophilic/electrophilic
interaction between the carbonyl-containing substrates of DHDPS and the
nucleophilic compound (230). Furthermore, we could predict that this would
be a common observation with all ‘nucleophilic’ inhibitors. Not surprisingly,
therefore, we find this apparent ‘negative inhibition’ to be very common
amongst many of our potential inhibitors which could be considered as
nucleophilic.

We can therefore picture a series of events with our problem UV
assays. With a number of competing processes, we can see that the kinetics of
this system are greatly complicated. Coupled with the problem of significant
experimental error, this leads to irreproducibility of results and makes it almost
impossible to study the chemical transformation of interest. Consequently we
have to question many of our previous investigations in this area. We should
also consider that if the natural substrates are important metabolites in living
systems, such as pyruvate is in mammals, then we have direct evidence that a
number of our nucleophilic inhibitors are likely to display significant toxic
effects.

Successful reproducible results were obtained with the synthase assay
for compounds (51) and (205) as well as for the commercially available DPA
(28), chelidonic acid (270) and glyoxylic acid (271). These results are
summarised in Figure 36. Interestingly, none of these compounds can be
considered as nucleophilic.

The results for compounds (28) and (270) are similar to our previous
studies. The structural similarity of these compounds with the enzymic product,
DHDPA (24), indicates towards their competitive nature. Similarly, compound
(271) most likely binds directly into the active site of DHDPS enzyme in direct
competition with pyruvate. There may be scope in studying other pyruvate
analogues lacking enolisable protons in the 3-position, such as fluoro-
substituted pyruvates. However, the highly toxic nature of such compounds
must be borne in mind. The result for compound (270) also suggests
possibilities for investigating alternate heterocyclic systems. Compound (51)
was an intriguing case. Clearly this compound has little resemblence to the
Substrates and product. It is most likely that inhibition by compound (51) is of
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a non-competitive nature. Most interesting however was the result for
compound (205). This compound is the heterocyclic precursor to GSA (156).
Although the level of inhibition was low, there is suggestion that GSA may be
accepted into the active site of DHDPS. In chapter 4 we have concentrated
exclusively on this goal. This result in conjunction with complementary
substrate studies is discussed further in section 6.07.
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Figure 36 Results for Inhibition of DHDPS

6.04 The DHDPS/DHDPR ‘Coupled’ Assay.

The availability of the DHDPR enzyme proved crucial to the solution of
our testing problems. This enzyme allowed us to utilise the ‘coupled’ assay
system for testing of our compounds. Examination of the consumption of
NADPH at 340 nm almost totally excludes the observation of the non-enzymic
reactions seen at 270 nm and greatly reduces the experimental error
associated with the absorption of UV light at this wavelength. A further bonus
is that we are testing our potential inhibitors against both DHDPS and
DHDPR. This is significantly important for analogues of L-DHDPA (24) and
THDPA (25), the respective natural substrate and product of DHDPR.

Although some minor problems were encountered, such as the non-
enzymic consumption of NADPH by the thiosemicarbazone derivatives (220)
and (230), this assay system has proved invaluable.
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In section 5.04 the synthesis of a number of analogues of pyruvate was
detailed. Of these compounds, only ethyl pyruvate semicarbazone (229) was
found to display modest inhibition of DHDPR/DHDPS. The calculated ICsq
value for compound (229) was 3.8 mM.

The syntheses of thiazine, thiazole and thiazolidine analogues of
DHDPA and THDPA were detailed in section 5.07 and 5.08. The results from
inhibition studies with DHDPS/DHDPR are summarised in Figure 37.
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A typical inhibition profile is illustrated graphically for compound L-(64)
in Figure 38.
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Figure 38 A Typical Inhibition Profile for Inhibition of
DHDPS/DHDPR

From these inhibition studies it is clear that a number of the earlier
results in this area were somewhat misleading. We need only compare the
results obtained for the diacid L-(64) and the corresponding diester (235) to
see that esters are very much poorer inhibitors. Unsurprisingly, the hydrogen
bonding ability of the carboxylate function is key to binding. This, along with
the essential binding of the B-keto function of pyruvate (Scheme 14),
explains the poor results obtained for the pyruvate ester derivatives.

The results for inhibition of DHDPR/DHDPS by the sulfur-containing
heterocycles, detailed in Figure 37, are a valuable insight into the binding
Characteristics of the enzymes. It is interesting to note the significant difference
in inhibition between the different ring oxidation states. This indicates that very
small changes in the orientation of the acid groups have a marked effect on
the binding ability. Conversely, the ability of the enzymes to accommodate the
bulky sulfur group in the 4-position readily, suggests a degree of variability in
this region. It would be an interesting exercise to investigate if polar
heteroatoms were equally tolerated in this position. It was not surprising that
the enantiomer of compound (64) displayed different inhibitory properties.



The stereocentre of this compound is in the corresponding position to that of
ASA for the natural biotransformation. Somewhat more surprising were the
results for cis- and trans-isomers of thiomorpholine-3,5-dicarboxylic acid
(253). The cis-isomer is a considerably better inhibitor of DHDPS/DHDPR.
This result could be incorporated into an argument for the strict geometrical
requirements of the two acid groups and could have further
mechanistic/stereochemical implications.

The five-membered ring system appears a poorer model for inhibition.
Interestingly, the saturated system has greater inhibitory activity in this case.
Once again strict structural and geometrical requirements are indicated for the
hydrophilic portion with suggested tolerance of structural variability in the
hydrophobic portion.

A number of commercially available compounds were shown to exhibit
no inhibition with DHDPS/DHDPR: lithium acetoacetate; ethyl acetoacetate;
ethyl 2-hydroxybutanoate; ethyl acetopyruvate; and acetylacetone. Other
commercially available compounds, which had shown signs of inhibition for
the ‘synthase’ assay, did show similar trends for the coupled assay. The
results for DPA (28), chelidonic acid (270) glyoxylic acid (271) and
chelidamic acid (272) are detailed in Figure 39.
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” N COy HO-C (0] COoH

HOLC
(28) ICg 0.46 mM (270) ICsp <0.3 MM
OH l I
H
o HO.C mz N CO;
(271) IC5p 0.31 MM (272) IC50 3.2 MM

Figure 39 Results for Inhibition of DHDPS/DHDPR by
Commercially Available Compounds

The competitive nature of substrates of DHDPS makes inhibition
studies with these compounds a valuable exercise. For this purpose we are
fortunate that, with the exception of ASA methyl ester (129), these
compounds are not substrates for the DHDPS/DHDPR coupled system.
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Consequently, the extent of inhibition when these substrates are at 1 mM, the
same as ASA in the assay, is a direct indication of competition for the active
site. These results are presented along with positive inhibition results for other
synthetic compounds in Figure 40.
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(129) (205) 28% inhibition at 1 mM
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[
P on “n,
MeO,C N CO.Me MeO,C" N "CO,Me
S
(34) IC5p 4.6 MM (51) 1Csp 2.8 mM
CO,'Bu
o?
N(BOC),

(178) IC5 3.0 mM

Figure 40 Inhibition of DHDPS/DHDPR by Substrates of DHDPS
and Other Synthetic Compounds

In this case, we would consider a 50% inhibition value as an indication
of equal competition for the active site between the ‘natural’ and ‘unnatural’
substrates. In that respect, the results for these compounds are promising. In
particular, the result for compound (154) suggests a preference for this
compound over the ‘natural’ substrate. The result for 5-hydroxyproline (205)
was similarly encouraging and offers further indication of substrate potential
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for GSA (156). These results are considered further, from a substrate
perspective, in section 6.07.

The result for compound (51) is interesting when compared with the
result for the ‘synthase’ assay (ICsg value of 0.94 mM). The lower level of
inhibition in the coupled system could suggest that the second enzymic
transformation is rate-determining for the ‘coupled’ assay. Ideally, in an
optimised two enzyme assay, both steps would proceed with equal velocity.

6.05 Development of a New DHDPR Assay

Previously in section 2.16 we mentioned the novel idea of utilising the
reverse process to that promoted by the DHDPR enzyme as an assay system
in a ‘reverse reductase’ assay (Scheme 17). Once again the theory is based
on the reversible nature of enzymic catalysis. If the substrate is too unstable to
synthesise then the product could be made and the reverse process
examined. The instability of the DHDPA product of the reverse process is in
our favour, because, by undergoing a spontaneous irreversible oxidation to
DPA (28) displacement of the equilibrium generates more DHDPA. In
developing this assay we had the option of monitoring the production of DPA
(28) at 270 nm, as for the ‘synthase’ assay, or monitoring the reduction of the
NADP+* co-factor to NADPH at 340 nm.

The first stage of development involved the synthesis of the product of
DHDPR, namely THDPA (25). Fortunately, this task has been performed
previously by our group’879 and is detailed in Section 2.16 (Scheme 21).
Starting from DPA (28), esterification and catalytic hydrogenation of the
aromatic ring proceeded in high yield. Tosylation of nitrogen on piperidine
(50) by tosyl chloride in pyridine was achieved in 58% vyield after
crystallisation. The key step involves elimination of tosic acid, promoted by
potassium tert-butoxide, followed by purification of (25) on ion-exchange
resin and crystallisation from MeOH. The elimination was found to progress
efficiently. Problems were however encountered with the crystallisation of
(25). A large volume of MeOH was required to dissolve the crude material,
which did not crystallise on cooling. Further development of the purification
method is required. For our purpose the crude amorphous material was
recovered from the methanolic solution and evaluated by TH NMR
spectroscopy. The material was estimated as 58 wt% pure which
corresponded to 87% conversion from dimethyl N-tosyl-cis-piperidine-2,6-
dicarboxylate (51). This material was suitable for evaluating the merits of the
assay.
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The assay was performed by monitoring the change in absorption, at

340 nm, of a solution containing: THDPA, NADP+*, imidazole buffer (pH 7.4)
and DHDPR enzyme. High absorption at 270 nm by the assay cocktail meant
that monitoring at this wavelength was not viable. The activity was found to be
rather low with the components: at similar concentrations to those described for
the ‘synthase’ and ‘coupied’ assays. The activity was improved by increasing
the concentration of enzyme, substrate or co-factor. It was considered that a
higher pH would favour production of NADPH. investigation of the assay at pH
8.0 and 9.0 showed this not to be the case. The optimum assay conditions for
the 1 ml assay were therefore chosen as: 3 mM THDPA; 0.5 mM NADP+; 100
mM imidazole buffer (pH 7.4) and 10 pl of a five fold diluted solution (H20) of
purified DHDPR in 50% aqueous glycerol. A typical assay ‘blank’ is illustrated
in Figure 41. Higher activity was possible at increased concentrations but a
combination of economy of valuable material and optimised linear activity/time
gradient made this the preferred system.
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6.06 Inhibition of DHDPR

Using our newly developed ‘reverse reductase’ assay a number of our
inhibitors were tested against DHDPR alone: compounds (28); L-(64); D-

m
.
COQ-

HO2C ”*
S DPA (28) S

\\\“[ j\ ) HO CINICO .
Hz . COq 2 Hy* 2

HO,C™
L-(64) D-(64)
S S
»\‘[ :L,,,, w“[ j\
HO,C™ “COy HOL,C™ N COy
2C Hz,, CO, 2 N 2
cis-(253) trans-(253)

The thiomorpholine analogues c¢is- and trans-{(253) showed very little
inhibition of DHDPR. Only the cis-isomer had a measurable IC5g value,
estimated at > 10 mM. A small increase in activity between respective inhibitor
concentrations of 1 and 3 mM was attributed to non-enzymic interactions.

The ICsq value for D-(64) was estimated as 3.3 mM but significant
variability was observed between replicate runs. The enantiomer L-(64),
which had proven the most potent inhibitor in our earlier studies, was similarly
troublesome. Initial investigation suggested an IC5sq value < 1 mM. However, a
more detailed study again indicated problems of increasing activity with
increasing inhibitor concentration. The resulting estimated ICsg value was 9.1
mM.

The assay system worked consistently well with DPA (28) to give an
estimated IC5p value of 1.7 mM. The inhibition profile for this compound is
iflustrated graphically in Figure 42.

In conclusion to our study of this new assay we emphasise that these
results constitute a preliminary investigation. A number of inconsistencies
have been described. These problems may be resolved by removing
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impurities from the assay mixture. This would be achieved by improved
preparation of THDPA. Critically however it is stressed that the assay ‘blanks’
displayed consistency throughout this study.

These provisional results, when compared with those for the
DHDPS/DHDPR ‘coupled’ assay, appear to suggest a greater specificity for
the DHDPR enzyme over the DHDPS enzyme. This is indicated by
significantly higher levels of inhibition for the ‘coupled’ system. The positive
result for DPA (28) over L-(64) is opposite to the findings for the
DHDPS/DHDPR coupled assay. This hints that the DHDPS enzyme is
responsibile for structural/geometric tolerance around the hydrophobic portion
of the metabolite, suggested in conclusion to our results detailed in Figure
37 (section 6.04). Clearly, further investigation is required.
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Figure 42 ‘Reverse Reductase’ Inhibition Profile for DPA (28)

6.07 Biotransformations with DHDPS

A standard DHDPS substrate assay was performed in a similar manner
to the previously described DHDPS ‘synthase’ inhibition assay. The
‘unnatural’ metabolite analogue simply replaces the metabolite in the assay.
The ‘unnatural’ metabolite was examined at different concentrations but the



relative activity was considered as that when the concentration is the same as
the assay ‘blank’ (1 mM). Change in the UV chromophore must be given due
regard.

In section 5.02 we considered earlier work on pyruvate (21) analogues
as substrates of DHDPS. In this section we concentrate on ASA (23)
analogues. The compounds of interest are illustrated in Figure 43. The
results quoted are relative to ASA by measure of change in absorbance with
time at 270 nm. The results compare favourably with our inhibition studies on
these compounds (Figure 40). As with our inhibition studies the high
specificity of DHDPS means that little structural variation is tolerated for
metabolites.

OH OH
OH OH
-+ -+
(154) 313% activity at 1 mM (155) 9% activity at 1 mM
OH
OH
OH
- N
CI *H3N COsMe HO,C Hyt “ClI
(129) 14% activity at 1 mM {205) 12% activity at 1 mM
CO,'Bu
O/
N(BOC),

(174) 3% activity at 1 mM

Figure 43 Relative Substrate Activity of ASA Analogues

Activity for compound (129) was first detected using our newly
developed DHDPS/Porcine Kidney Acylase (PKA) coupled assay described in
Scheme 58. This assay involves the replacement of the ASA analogue with
an N-acylated equivalent and addition of 100 ul of a 1 mg/mi solution of PKA
to the assay. When ASA (1 mM) is replaced by N-acetyl-ASA (175) (1 mM)
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the assay has approximately 80% of the activity of a standard ‘synthase’
assay. This can be increased to 100% by adding extra PKA. By this method
the relative activity of N-acetyl-ASA methyl ester (179) compared to N-acetyl-
ASA (175) was found to be 7%.

Interestingly, of all of the substrates tested, only compound (129)
displayed dual substrate activity with both DHDPS and DHDPR by means of a
‘coupled’ substrate assay. Surprisingly the relative dual activity was found to
be 45%. It is not clear why greater substrate activity is displayed for the
DHDPR/DHDPS system compared to DHDPS alone.

The positive result for 5-hydroxyproline hydrochloride (205) is
encouraging. Once again it must be stressed that our preparation of this
compound produced a crude product (section 4.10). There were slight
variations in replicate assays and evidence (UV) of non-enzymic interactions.
However, this compound displayed positive results for inhibition of DHDPS
(Figure 36) and clear substrate activity indicated by enhancement of activity
with DHDPS present. Although requiring further validation, these results
indicate for the first time that the open chain equivalent, GSA (156), has
potential as a substrate of DHDPS. Strategies for this task were considered in
detail in Chapter 4.

Most intriguing of all was the result for 2-methyl-ASA-hydrate
hydrochloride (154). The measured relative activity was 313% and the assay
reaction proceeded to completion in just 10 minutes. This biotransformation
was briefly discussed in Section 3.04. It has always been considered that in
studying the ‘natural’ biotransformation (Scheme 84) at 270 nm we were
monitoring the production of dipicolinic acid (28). The UV absorbance
maximum for the assay involving compound (154) was at 271 nm. Compound
(154) cannot readily aromatise because of the methyl group in the 2-position.
If the product was the expected diene (110) (Scheme 36) then the
expected UV absorbance maximum would be around 240 nm. To achieve
aromatisation a high energy process such as demethylation, decarboxylation
or a 1,2-methyl shift would have to occur (Scheme 36).

The biotransformation was briefly studied by HPLC. The system used
was a 125 mm C-8 reversed-phase column, isocratically eluted with 0.1% TFA
in water at 1 mi/min. The retention time (R¢) for DPA (28) on this system was
16.9 min. When a aliquot (50 ul) of the assay mixture for the ‘natural’
substrates was chromatographed a peak which may be due to the metabolic
product was identified at Ry = 14.7 min. When the assay mixture containing
compound (154) in place of ASA was chromatographed a new peak was
identified at Ry = 7.5 min. This peak was not due to compound (154). Attempts
to isolate the unnatural product from a 100 mM scale assay by HPLC were
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unsuccessful because of overlapping impurities. Further analysis under
different HPLC conditions would be required for this task.

It is interesting to note that the product of the assay with compound
(154) appears to have significantly shorter retention on the reverse phase
system. This suggests that it is a more polar compound, possibly even
structurally different. Perhaps the product is released from the enzyme prior to
cyclisation. However, this would require an alternative release mechanism

from the enzyme.
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Scheme 84 The ‘Natural’ Biotransformation of DHDPS

Clearly there are a number of unanswered questions in this case and
further research is required. In