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ABSTRACT

ABSTRACT

Substrate analogues as mechanistic probes for 3-deoxy-D-
arabino-heptulosonate 7-phosphate synthase and 3-deoxy-D-
manno-octulosonate 8-phosphate synthase

3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAH7P synthase) catalyses
the condensation reaction between phosphoenolpyruvate (PEP) and the four-carbon
monosaccharide D-erythrose 4-phosphate (D-E4P). 3-Deoxy-D-manno-octulosonate 8-
phosphate synthase (KDOS8P synthase) catalyses a closely related reaction of PEP with
the five-carbon monosaccharide D-arabinose S-phosphate (D-ASP). These enzymes are

two functionally unrelated enzymes that share many mechanistic and structural features.

D-Threose 4-phosphate (D-T4P), L-threose 4-phosphate (1.-T4P), D-arabinose 5-
phosphate (D-AS5P), D-lyxose 5-phosphate (D-L5P), and 1.-xylose 5-phosphate (1.-X5P)
have been prepared synthetically or enzymatically to provide insights into aspects of
metal requirement and substrate specificity. These compounds were different
stereoisomers of natural substrates D-E4P and D-AS5SP. The results presented in this
thesis show that D-T4P and L-T4P (C2 and C3 stereoisomers of D-E4P) are substrates
for the DAH7P synthases from E. coli and P. furiosus. For N. meningitidis KDO8P
synthase, natural substrate D-ASP and L-X5P (the C4 epimer of D-ASP) were substrates,
whereas D-L5P, the C3 epimer of D-A5P, was not. These observations show that the
configuration of the C2 and C3 hydroxyl groups is not important for DAH7P synthase
reaction, but having the correct configuration at these positions is critical for KDO8P

synthase.

The analysis of the interaction of D-T4P and L-T4P with DAH7P synthase, and D-AS5P,
D-RS5P, and L-X5SP reveals previously unrecognised mechanistic differences between the
DAH7P synthase-catalysed reaction and that catalysed by the closely related enzyme,
KDOSP synthase.
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Chapter One INTRODUCTION

Chapter One

INTRODUCTION

1.1. The Shikimate Pathway

The shikimate pathway is the biosynthetic pathway responsible for producing aromatic
compounds. This pathway utilises D-erythrose 4-phosphate (D-E4P) and
phosphoenolpyruvate (PEP) to generate chorismate via seven enzyme-catalysed steps

(Figure 1.1). *?

OH HO, GO,

¢ Cco,”
2
2_03'30\)\* DAH7P synthase 3-deh ydroqumate deh ydroqumase
; 2-0 PO synthase

D-E4P go PO

\W DAH7P 3-dehydroquinate 3-dehydroshnklmate
o NADPH
PEP shikimate
dehydrogenase
NADP*
COy iy COy” 3 CO”
chorismate EPSP shikimate =
synthase J\ synthase kinase
OJ\CO - 0,P0" 2-o PO oH { N HO" Y OH
T 2 OH ADP ATP OH
OH
chorismate S-enolpyruvate shikimate-3-phosphate shikimate

shikimate-3-phosphate

Figure 1.1. The shikimate pathway
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Chorismate is the precursor for the aromatic amino acids, tryptophan, phenylalanine,
and tyrosine (Figure 1.2)"* and for many other important aromatic compounds, such as
ubiquinone and para-aminobenzoate (PABA, Figure 1.2).° In some organisms, there is
an alternative version of the shikimate pathway that uses imino-D-erythrose 4-phosphate
(iminoE4P) as a starting material. This pathway gives rise to 3-amino-5-

hydroxybenzoate (AHBA, Figure 1.2), the precursor of the ansamycin antibiotics.*

+H3N‘C'H—COZ‘ ~
*HN-CH-CO;~ CH, H3N'C.HH—002
CH2 C 2
o
HN
OH
phenylalanine tyrosine tryptophan
COz™
COZ-
NH,* HO* NH,
ubiguinone para-aminobenzoate 3-amino 5-hydroxybenzoate

Figure 1.2. Aromatic compounds derived from the shikimate pathway

The history of the shikimate pathway

The shikimate pathway is named after shikimic acid, which was first isolated from
Illicium religiosum, shikimi-no-ki (star anise tree) in 1885.> However, the structure and
absolute stereochemistry of shikimic acid were not determined until the 1930s.%"" It was
not until the 1950s that the structure of shikimic acid was noted to be similar to that of

aromatic compounds and that shikimic acid was identified as an important intermediate
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in aromatic biosynthesis.'*'* 3-Dehydroquinate (DHQ),"” 3-dehydroshikimate (DHS),"
shikimate 3-phosphate,'”” 5-enolpyruvyl shikimate 3-phosphate (EPSP).,'® and
chorismate'® were all identified as intermediates leading to aromatic amino acids. The
two starting compounds of the pathway, PEP and D-E4P, were identified by the
condensation of the two compounds to give 3-deoxy-D-arabino-heptulosonate 7-

phosphate (DAH7P) in the presence of an Escherichia coli cell-free extract.?*?'

Exploration of the shikimate pathway for inhibitor design

The shikimate pathway is present in plants, microorganisms, and some parasites, but not
in mammals."***** Mammals obtain their aromatic compounds from their diet, whereas
aromatic compounds in plants and microorganisms, including the three aromatic amino
acids found in proteins, are produced via the shikimate pathway.' Due to the vital role
of shikimate pathway end products in protein synthesis and other essential biological
processes, inhibitors of the enzymes in the shikimate pathway may prevent growth or
virulence of microorganisms or plants. An example of this is the potent action of the
herbicide Roundup®. The active ingredient of Roundup® is glyphosate (N -
(phosphonomethyl)glycine), which inhibits the sixth enzyme, 5-enolpyruvyl shikimate
3-phosphate synthase (EPSP synthase), of the shikimate pathway.” As well, glyphosate
has been shown to inhibit the growth of several apicomplexan parasites that cause
malaria and toxoplasmosis.** Therefore, the pathway is considered a potential target for
the development of new antimicrobial and antiparasitic compounds and of non-toxic

herbicides.?®
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1.2. DAH7P Synthase

The enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAH7P synthase,

EC 2.1.5.54) catalyses the first committed step in the shikimate pathway.

DAH7P synthase catalyses an aldol-like condensation reaction between D-E4P and PEP
to give the seven-carbon sugar, DAH7P, and inorganic phosphate (P,) (Figure 1.3).
There is a similar enzyme, 3-deoxy-D-manno-octulosonate 8-phosphate synthase
(KDO8P synthase, EC 2.1.5.55), which catalyses a closely related reaction to DAH7P
synthase. KDOS8P synthase catalyses the condensation of the five-carbon sugar, D-
arabinose 5-phosphate (D-AS5P), and PEP to form KDOS8P (Figure 1.3). More details of

KDOS8P synthase and its relationship to DAH7P synthase will be discussed in section

1.3.4.
g OPO,2-
onHQ OPO2 P
0 KDO8P synthase 0,PO_ O, DAH7P synthase o)
- T H -
HO CO, /; <\ \[r _/.7 “ Yo CO,
koose OH P 0-ASP PP 0-E4P P OH
DAH7P
OH O OH O
2—
2‘03PO/\;MH ospo\)\)LH
OH OH OH

Figure 1.3. Enzymatic reactions catalysed by DAH7P and KDO8P synthases
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1.2.1. Feedback regulation of DAH7P synthase

In E. coli, three DAH7P synthase isozymes are present and each isozyme is subject to
feedback regulation by one of the three aromatic amino acids.””** These three isozymes
are denoted as DAH7P(Phe) synthase, DAH7P(Trp) synthase, and DAH7P(Tyr)
synthase, and they are encoded by the genes aroG, aroH, and aroF, respectively.***
Feedback inhibition of DAH7P synthase isozymes has been shown to be the major
regulatory mechanism for the entire shikimate pathway.” Total cellular DAH7P
synthase activities are not equally distributed between the three isozymes. DAH7P(Phe)
synthase in E. coli accounts for about 79 % of the total enzyme activity, compared to
DAH7P(Trp) synthase (20 %) and DAH7P(Tyr) synthase (1 %).*® Therefore,
DAH7P(Phe) synthase has been the major focus of research studies to date **¥
Additionally, in plants, the shikimate pathway is responsible for 20 — 30 % of the

carbon flux, suggesting that the first step of the pathway, DAH7P synthase, is important

in the control of cellular carbon flux through the pathway.™

There are some DAH7P synthase enzymes that are not inhibited by aromatic amino
acids.®® The latest functional studies of the Pyrococcus furiosus DAH7P synthase,* for
instance, have found that tryptophan, phenylalanine, and tyrosine are not inhibitors of
this enzyme. This enzyme, therefore, differs from the other DAH7P synthases that are
inhibited by one of these amino acids.' The lack of feedback inhibition of the P.
furiosus enzyme can be explained by absence of regulatory domains on the P. furiosus
enzyme. The structural studies and phylogenetic relationship of DAH7P synthases and

the similar KDO8P synthases will be described later in this chapter.
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1.2.2. Metal dependence of DAH7P synthase

In early studies on metal dependency, the sensitivity of the enzyme to the presence of
metal ions and to the metal chelator EDTA was noted. In these studies, some enzyme
preparations were found to be inhibited by chelating agents and reactivated by metal
ions,** whereas others were unaffected by either the addition of chelating agents or
metals.”* However, the studies were not clear and were confused due to an abundance
of conflicting evidence.* For example, the DAH7P synthase from Bacillus subtilis did
not appear to require a divalent metal ion but the three E. coli isoenzymes were
activated by a metal cofactor.*** In more recent studies, including those on the B.
subtilis and Helicobacter pylori enzymes, it was shown that a divalent metal ion is
required for enzymatic activity.””*® In the study of B. subtilis, dipicolinic acid (DPA)
was used as a strong metal-chelating agent.*” Using DPA, the metal-bound enzyme was
inactivated and the inactivated enzyme could be reactivated by the addition of divalent

metal ions, Zn*", Cd™, Cu*", Mg*', Fe™, Co™, Ni**, or Mn”".

While DAH7P synthase appears to have an absolute requirement for the presence of a
divalent metal ion, there is considerable variation in the ability of different metal ions
to activate the enzyme. In 1991, Stephens and Bauerle reported on the specific
activation of the three E. coli isozymes with a number of divalent metal ions.** The
order of activity of the three reactivated E. coli isozymes with the different metal ions
was the following: Mn* » Cd*, Fe* » Co™ > Ni*", Cu™, Zn™ »>> Ca™. Interestingly,

although Mn?* showed the highest activity with enzyme, enzyme-bound Mn*" is readily



Chapter One INTRODUCTION

replaced by other metal ions. In contrast, the Fe**, Co’*, and Zn** enzyme complexes are
considerably less labile. These workers suggested that Fe** and perhaps Zn>*, were the
preferred metal cofactors in vivo based on the presence of these two metals before
removal by chelation, on the high apparent affinity of the enzymes for these metal ions,
and on their high bioavailability. They also observed a cooperative interaction between
metal and D-E4P binding to the enzyme and a dependence of K,,”"* on the identity of
the metal ion. For example, K,,"** for the enzyme-Mn>" complex was reported to be
170 uM, whereas the Fe**, Co™, and Zn>* enzymes had K,,”** values of 67 uM, 36 uM,
and 16 uM, respectively. The nature of the activating metal ion appeared to have no

significant effect on the interaction between PEP and DAH7P(Phe) synthase.

Recently, the H. pylori DAH7P synthase has been tested with a variety of divalent
metals.” In this study, it was observed that the Co**-bound enzyme had the highest
enzyme activity, whereas the Mn**, Zn*, Cd*", and Ni** enzymes had 76 %, 5 %, 2 %,
and 1%, of the Co™ activated enzyme activity, respectively. The results suggested that
the preferred metal ion was Co® in the enzyme assay, w hereas Zn**, Cd**, and Ni** were
relatively poor cofactors. Thus, all DAH7P synthases characterised to date have been

shown to require a divalent metal ion for enzymatic activity.

1.2.3. Mechanistic studies on DAH7P synthase

The first step of the shikimate pathway is the condensation of the four-carbon sugar D-

E4P and the three-carbon compound PEP to give a seven-carbon sugar DAH7P and P,

catalysed by the enzyme DAH7P synthase (Figure 1.4).
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OPO2"
- OH O
5.
C5P0O COy
3 T . Z”OSPO\)\)LH DAH7P synthase " O . P
B ?IO CO.~
OH A
PEP
0-E4P DAH7P

Figure 1.4. DAH7P synthase-catalysed reaction

While many details of the reaction mechanism for the DAH7P synthase condensation
reaction are still unclear, several studies have provided valuable information. Analysis
of the products obtained in the reaction using stereospecifically labelled PEP have
shown that the addition of PEP to D-E4P proceeds stereospecifically with the si face of
PEP attacking the re face of D-E4P to produce a seven-carbon deoxy sugar of the
arabino configuration.”™ In addition, labelling studies have shown that, unlike many
other PEP-utilising enzymes, the phosphate of PEP is directly released by breakage of
the C—O bond rather than the P-O bond of PEP.***? It has also been demonstrated that
the reaction mechanism is ordered sequential and that PEP is the first substrate to bind

35 Based on these observations,

to the enzyme and DAH7P is the last product to leave.
several mechanisms have been proposed. Two possible mechanisms are shown in

Figure 1.5. These differ by the order in which water adds to PEP and PEP adds to D-

E4P.
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Figure 1.5. Proposed mechanisms for DAH7P synthase
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In path A, the C3 of PEP attacks the metal-activated carbonyl group on D-E4P
generating an oxonium ion intermediate (1, Figure 1.5).>* The mechanism then diverges
into two ways, an acyclic pathway (a) and a cyclic pathway (b). In the acyclic pathway,
the transiently formed intermediate is attacked by a water molecule forming the labile
acyclic hemiketal biphosphate (2, Figure 1.5). This compound then loses a phosphate
group to give the open-chain form of DAH7P (3, Figure 1.5). DAH7P is then proposed
to cyclise to the hemiacetal form of DAH7P (4, Figure 1.5) away from the enzyme
active site. In the cyclic pathway, the C3 hydroxyl group of the D-E4P portion of the
intermediate attacks the oxonium ion forming the cyclic hemiketal biphosphate (S,
Figure 1.5). The phosphate is eliminated to form the cyclic oxonium ion (6, Figure 1.5),
which is then attacked by a water molecule to give cyclic DAH7P (4, Figure 1.5).

In the proposed mechanism shown as path B,

a carbanion intermediate (7, Figure
1.5) is formed by the attack of a hydroxide ion produced by deprotonation of a metal-

water complex. The C3 of the carbanion intermediate then attacks D-E4P forming the

acyclic phosphate hydrate (2, Figure 1.5).

Although there have been a number of studies on the DAH7P synthase-catalysed
reaction, the nature of the enzyme-bound intermediates in the reaction is not yet clear.
However, formation of an acyclic intermediate and acyclic form of DAH7P is now
favoured as structural studies have indicated that the C2 of PEP and the C3 hydroxyl

group of D-E4P are unlikely to come into close contact.

10
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1.2.4. Active-site studies of DAH7P synthase

Two conserved cysteines have been identified in the known microbial DAH7P synthase
enzyme sequences, namely Cys6l and Cys328 |E. coli DAH7P(Phe) synthase
numbering|. The role of both these cysteines was investigated by both chemical
modification and site-directed mutagenesis.®® From these studies, it was found that
Cys6l was essential for catalytic activity. This residue was subsequently shown to be a
metal-binding ligand when the structure of DAH7P synthase(Phe) was solved.”” Cys328
appears to be nonessential but is involved in disulfide bond formation with Cys61 that

results in loss of enzyme activity.®*

Four highly conserved histidine residues, His64, His172, His207, and His268, have
been identified in DAH7P synthase |E. coli DAH7P(Phe) synthase numbering].”
Structural studies have shown that His268 is located at the active site and is close to
PEP and also coordinates to the divalent metal.”® His268 in DAH7P synthase is
homologous to His202 in E. coli KDOSP synthase® and His202 is one of the essential
histidines in E. coli KDOSP synthase.”**® His202 and His268 have been mutated to Gly
in KDOS8P synthase (His202Gly) and DAH7P synthase (His268Gly), respectively, from
E. coli.®** The activity of the KDOSP synthase mutant was significantly attenuated
relative to the wild-type activity, whereas the DAH7P synthase mutant was inactive
(Table 1.1). These studies indicated that His268 in DAH7P synthase is an essential

residue for the catalytic reaction of DAH7P(Phe) synthase.

11
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Table 1.1.
Kinetic parameters of wild-type and mutant of KDO8P synthase and of DAH7P synthase from E.
coll.
E. coli KDOSP synthase® E. coli DAH7P synthase®
wild-type His202Gly wild-type His268Gly
(I;C_?‘) 6.8 0.5 0.016 +0.007 32 NA®
KMmonosaccharide 33 . 6 NDa 86 NAb
(uM)*® N
kcat / KM monosaccharide 0 2 NDa 0 37 NAb
(s'uM™y ' '

“not determined.

® not active.
“ Ky of D-E4P and D-A5P was measured with DAH7P synthase and KDOS8P synthase from E. coli,
respectively.

1.2.5. Phylogenetic analysis of DAH7P synthase and KDO8P synthase

DAH7P synthases can be divided into two distinct families based on amino-acid
sequence similarity and molecular weight (Figure 1.6).*% These two families have been
denoted as type I and type 11, and have also been referred to as AroA, and AroA,.** E.
coli, Saccharomyces cerevisiae, Thermotoga maritima, and P. furiosus DAH7P
synthases are functionally and structurally known to be type | enzymes. Type II
enzymes were originally described as similar to the high molecular weight plant
enzymes (54,000 Da) and were found in several microorganisms.”® However, as more
divergent microbial enzymes have been found and sequenced, it has been shown that
type Il DAH7P synthases have a microbial origin and the plant DAH7P synthases form
a subset within this class.***®*” Whereas most of the mechanistic and structural studies

29.71,72 S

have been performed on the type I DAH7P synthases from E. coli,

39,74

cerevisiae,”®” T. maritima,”” and P. furiosus,”’ there has been comparatively less work

12
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on type [I DAH7P synthases. Recently, H. pylori type Il DAH7P synthase has been
purified and characterised,” and Mycobacterium tuberculosis type Il DAH7P synthase

has been crystallised and its structure has been solved.”

Type [ DAH7P synthases are smaller than type Il DAH7P synthases and were originally
described as proteins with a molecular weight less than 40,000 Da. Type | DAH7P
synthases can be further separated into two subfamilies, subfamily I and subfamily If3,
based on sequence similarity.®> Subfamily I DAH7P synthases have been characterised

.48-44.46.75-77 LN 55.
2008396757 and S. cerevisiae.¥™ All

structurally and functionally from E. coli
characterised I DAH7P proteins are metalloenzymes and each displays feedback
regulation. In addition, the examination of the substrate specificity of E. coli
DAH7P(Phe) synthases from subfamily I3 showed limited enzyme activity with a range
of phosphorylated five-carbon monosaccharides.” Subfamily Ip consists exclusively of
DAH7P synthase proteins, w hereas subfamily If can be further divided (Figure 1.6).°%
As well as containing DAH7P synthases (subfamily If3;), subfamily If3 contains KDO8SP

synthases (subfamily If3).

KDOS8P synthase catalyses a related reaction to that catalysed by DAH7P synthase, a
condensation reaction between D-ASP and PEP. Although functionally subfamily I8
and subfamily If, are equivalent to each other, catalysing the condensation of PEP and
D-E4P, subfamily I3, proteins have more similarity to KDO8P synthases of subfamily
IBx than to subfamily IB in terms of overall sequence and structure.®” Subfamily I3,

proteins are known to be metalloenzymes based on evidence from T. maritima DAH7P

synthase® and P. furiosus DAH7P synthase.™

13
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Ip

Ia

Figure 1.6. Phylogenetic tree of homology type | proteins consisting of subfamilies I3 and I
modified from Jensen et al.®® Subfamily If contains only DAH7P synthase proteins and has
feedback regulation. Subfamily If consists of subfamily Ifp and subfamily Ik, representing
DAH7P synthase and KDO8P synthase, respectively. Among structurally characterised
members of subfamily I8, only T. maritima has feedback regulation. The white circle indicates
the hypothetical root.

14
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Interestingly, subfamily I contains both metalloenzymes and non-metalloenzymes as
exemplified by the metal-dependent Aquifex aeolicus KDOSP synthase®® and the
metal-independent E. coli KDOSP synthase,* respectively. In addition, whereas the 1B,
DAH7P synthase from T. maritima is subject to feedback inhibition,” the I, DAH7P
synthase from P. furiosus is not, which is a feature shared by all KDOS8P synthases
characterised to date.” KDOS8P synthases appear to have a very narrow substrate

83-85

specificity, utilising only D-ASP.

While the exact nature of the phylogenetic relationship between DAH7P synthase and
KDOSP synthase is still under debate,””***® Subramaniam et al. have proposed that a
DAH7P synthase is the ancestral protein in this enzyme family.” They have suggested
that the initial ancestor was similar to the I3 type of DAH7P synthase, which had metal
dependency, had broad substrate specificity, and was not subject to feedback inhibition.
However, over a long period of time, gene duplication gave a I type of KDO8P

synthase that lost metal dependency and gained altered substrate specificity.

The recent studies on the P. furiosus DAH7P synthase®™ have suggested that this
protein may represent the closest characterised protein to the ancestral type | DAH7P
synthase. P. furiosus DAH7P synthase is a metalloenzyme, lacks allosteric inhibition,
and has a broad substrate specificity. This substrate ambiguity for P. furiosus DAH7P
synthase has suggested that KDOS8P synthase evolved from a P. furiosus DAH7P
synthase-like ancestor by losing the ability to accept phosphorylated four-carbon
monosaccharides and by tightening the specificity at the C2 hydroxyl group
configuration. More details of this substrate ambiguity will be discussed in section 1.2.7

for DAH7P synthase and in section 1.3.2 for KDO8P synthase.

15



Chapter One INTRODUCTION

1.2.6. Structural studies of DAH7P synthase

The first structure of the DAH7P(Phe) synthase from E. coli as a Pb** and PEP complex

was determined at 2.6 A resolution by Shumilin ez al. in 1999 (Figure 1.7).%

Figure 1.7. The structure of the E. coli DAH7P(Phe) synthase modelled by Prof. Geoffrey B
Jameson based on the first DAH7P synthase structure from E. coli from Shumilin et al. Although
the PEP binding site is clearly defined in this structure, the binding site of D-E4P is less well
defined. D-E4P has been modelled into the active site of the structure in order to predict the key
binding interactions between this enzyme and its aldose phosphate substrate. In this model, the
aldehyde moiety and C3 hydroxyl group of D-E4P have been placed so as to coordinate to the
metal ion, Pb®*, and C61, respectively (these interactions are not shown). The phosphate
functionality has been placed at a sulfate binding site in the original structure.

The enzyme crystallised as a tetramer, consistent with a tetrameric state that was
predicted from solution studies.”®’”> However, closer analysis reveals that there is a tight
dimer interface and the two dimers are less tightly associated. Solution studies have

indicated that the tyrosine and tyrosine-sensitive E. coli isozymes are dimers™’® and the

16
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tight dimer of DAH7P(Phe) synthase is a close structural analogue of these dimeric
DAH7P synthase isoforms.” The monomer of DAH7P(Phe) synthase has a (p/p )s-barrel
formed by eight parallel p strands. The active site of the enzyme is located at the C-
terminal end of the f§ strands of the barrel and contains the binding sites for metal, PEP,
and D-E4P. This first structure of DAH7P(Phe) synthase revealed that there are four key
residues that provide the stabilisation of the DAH7P(Phe) synthase tetramer: Glu24,
Lys25, Argl24, and His217. In this structure, PEP is surrounded by six positively
charged residues: Arg92, Lys97, Argl65, Lys186, Arg234, and His268. Moreover, it
was also suggested that a SO,> present in the active site was occupying the position of
the phosphate group of D-E4P. When the phosphate group of D-E4P is located at this
SO* binding site, D-E4P can be modelled into a channel, so that the carbonyl of D-E4P

approaches the C3 of PEP (Figure 1.7).

In 2002, Shumilin er al. determined the crystal structure of DAH7P(Phe)
synthase—an*waP in complex with its feedback inhibitor, phenylalanine, to 2.8 A
resolution.” The phenylalanine-binding site was shown to be in a cavity formed by
residues from each monomer of the tight dimer including an N-terminal extension and
two extra-barrel loops. Comparison of this structure with those determined previously
reveals that the inhibitory signal from phenylalanine binding is transmitted to the active
site by the movement of four adjacent segments. The movement of these segments
causes changes to the tight-dimer interface and to the enzyme active site, which is
immediately adjacent to this interface. These conformational changes induced by
phenylalanine binding significantly alter the substrate binding properties of the active
site of the enzyme. In this structure, PEP was observed to bind in a flipped orientation,

such that the positions of the carboxylate and phosphate groups are interchanged
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relative to previously reported structures determined in the absence of phenylalanine. It
was concluded that the displacement of both Arg99 and Thr100 in the phenylalanine-
bound enzyme precludes binding of D-E4P. It is these changes in the ability to bind

both PEP and D-E4P that result in enzyme inhibition.

Attempts to solve the structure of a catalytically active form of the enzyme
DAH7P(Phe) synthase with Mn** and PEP were reportedly confounded by unit cell
disorder. However, recently, the structure of a catalytically active mutant (Glu24Gln) in
complex with PEP and Mn®>* has been determined to 1.75 A.” This mutant enzyme is
reported to have similar kinetic properties to those of the wild-type enzyme but exists as
a dimer in solution due to disruption, by mutation, of electrostatic interactions necessary
for tetramer formation. In this structure, it was observed that the PEP bound at the
active site was twisted so that its enol and carboxylate planes form a dihedral angle of
30°, whereas the phosphate group is tightly anchored with the side chains of Lys186,
Arg234, and Argl65 and the main chain NH of Alal64. In addition, seven water
molecules are found to be within contact distance of PEP. Two of these water
molecules, one that is hydrogen bonded to the carboxylate of PEP and the other that is
hydrogen bonded to Glul43, are close enough to the C2 of PEP to potentially act as a

nucleophile in the reaction mechanism.

The crystal structure of the S. cerevisiae DAH7P(Tyr) synthase has recently been
determined by Konig er al. in complex with Co™, PEP, and the D-E4P analogue,
glycerol 3-phosphate (G3P) at 1.5 A resolution.” In the structure, the Cl hydroxyl
group in G3P, corresponding to C2 hydroxyl group of D-E4P, was hydrogen-bonded to

Asp342 and the C2 hydroxyl group of G3P, corresponding to C3 hydroxyl group in D-
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E4P, was hydrogen-bonded to the main-chain carbonyl group of Proll3. Pro has been
found to be a conserved residue in all DAH7P synthases and is a part of a conserved
LysProArgThr(Ser) motif found in all DAH7P synthases. In addition, two water
molecules have observed: one is on the si face side of and the other one is on the re face
side of PEP, and were close enough to the PEP to participate in the enzymic reaction.
The water molecule on the si face side of PEP was coordinated to the metal ion and
interacted with the carbonyl group of D-E4P. This observation gives a plausible reaction
mechanism. In this mechanism, the metal ion is coordinated to the water molecule on
the si face side of PEP and activates carbonyl group of D-E4P. The C3 of PEP attacks
from si face side onto re face side of the metal-activated carbonyl group of D-E4P
forming oxocarbenium intermediate (1, Figure 1.5). The intermediate is then attacked
by the water molecule on the re face side of PEP to form the acyclic hemiketal
biphosphate (2, Figure 1.5).

Although the PEP binding site is clearly defined in previously reported structures,”’"”
the binding site of D-E4P is less well defined. However, the structure of the DAH7P
synthase from T. maritima has been determined recently with both substrates, PEP and
D-E4P, as well as Cd** bound at the active site.”” The crystals were grown at 4 °C, a
temperature at which this hyperthermophilic enzyme is inactive. Although this was the
first structure that contained a metal cofactor and both substrates, D-E4P and PEP, the
enzyme was only partially occupied by D-E4P and this ligand was bound in an
unreactive conformation. The active-site structure of 7. maritima DAH7P synthase is
similar to that of E. coli and S. cerevisiae DAH7P synthases (subfamily I DAH7P
synthase enzymes). However, the overall structure of T. maritima DAH7P synthase is

more similar to those of the E. coli and A. aeolicus KDOSP synthases (subfamily I3«
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KDOS8P synthases) than to those of the E. coli and S. cerevisiae DAH7P synthases. In
addition, although T. maritima DAH7P synthase has tyrosine and phenylalanine
feedback regulation, it lacks the extended loops found in the I3 DAH7P synthase
enzymes and has a different N-terminal extension suggesting a different mechanism of

feedback regulation (Figure 1.8).

The structure of P. furiosus DAH7P synthase in complex with PEP has been determined
to 2.25 A resolution.”™ As with the T. maritima enzyme, P. furiosus DAH7P synthase
had a very similar active-site structure to those reported for other DAH7P synthases (E.
coli, S. cerevisiae, and T. maritima DAH7P synthases, Figure 1.8). P. furiosus DAH7P
synthase has short KDOS8P synthase-like loops consistent with the lack of feedback
regulation as seen with type I DAH7P synthases. Moreover, the P. furiosus DAH7P
synthase lacks the 70 amino-acid ferrodoxin-like N-terminal domain that has been
implicated in feedback regulation by 7. maritima DAH7P synthase, and the 40 amino-
acid N-terminal extension that is involved, along with the extended loops, in feedback
inhibition by E. coli and S. cerevisiae DAH7P synthases. In the studies of the P.
furiosus DAH7P synthase structure, the six known structures of DAH7P and KDOS8P
synthases were compared; two from subfamily If DAH7P synthases (E. coli and §.
cerevisiae), two from I3, DAH7P synthases (7. maritima and P. furiosus), and two
from IBx KDOS8P synthases (E. coli and A. aeolicus) (Figure 1.8). This analysis has
shown that [x KDOS8P synthase enzymes have shorter loops than I DAH7P synthase
enzymes and that the overall structures of the I3, DAH7P synthase enzymes are closer
to those of the If3x KDOS8P synthase enzymes than to the I DAH7P synthases. More
details of the comparison between DAH7P and KDOS8P synthases are discussed in

chapter six.
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(a)

Figure 1.8. The monomer structures of (a) E. coli DAH7P(Phe) synthase, (b) S. cerevisiae
DAH7P(Tyr) synthase, (c) T. maritima DAH7P synthase, (d) P. furiosus DAH7P synthase, (e) E. coli
KDOB8P synthase, and (f) A aeolicus KDO8P synthase. Taken from Schofield et al.”* The views of
the structures are looking down their (3/B)s-barrel. The overall structures of T. maritima and P.
furiosus DAH7P synthases appear to be more similar to those of E. coli and A aeolicus KDO8P
synthases than those of E. coliand S. cerevisiae DAH7P synthases. The helices and loops are
highlighted in blue and the N-terminal extension, along with extended loops, is highlighted in red.
The extra extension and loops are implicated in feedback regulation. P. furiosus DAH7P synthase,
and E. coli and A. aeolicus KDO8P synthases do not have feedback regulation and lack N-terminal
extensions. Note that the structure of Neisseria meningitidis KDO8P synthase is not shown.
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1.2.7. Substrates and analogues for DAH7P synthase

Substrate analogues are considered a significant tool for studying enzyme-substrate
interactions and enzymatic reaction mechanisms. PEP and D-E4P are the natural
substrates of DAH7P synthase. E. coli DAH7P(Phe) synthase has been shown to accept

a number of other substrates with varying degrees of efficiency.”*”

Analogues of PEP
There has been significant interest in the synthesis of analogues of PEP (Figure 1.9) due

to the importance of this compound as a substrate in many enzyme-catalysed reactions.

F, F Br
J} A 1
20;PO7 TCO,” 20,PO7 TCO, 20,PO” CO,
(Z)-3-fluoroPEP (E}3-fluoroPEP (Z2)-3-bromoPEP
Cl
1 J§
2r03 PO COs” 2_03 PO 002_
(2)-3-methylPEP (Z)-3-chloroPEP

Figure 1.9. Analogues of PEP

The synthesis of a number of PEP analogues has been described in earlier studies.®
Both isomers of 3-fluoroPEP have been shown to be substrates for the DAH7P(Phe)

synthase from E. coli, whereas 3-bromoPEP, 3-methylPEP, and 3-chloroPEP (Figure
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1.9) have been found to be reversible competitive inhibitors with respect to PEP,

showing that size of substituent has a large bearing on substrate reactivity (Table

1.2).57%
Table 1.2.
Kinetic parameters of analogues of PEP as substrates and inhibitors of E. coli DAH7P(Phe)
synthase®’
Ky (uM) K; (uM) kew (87
PEP 20+02 71 +3
(Z)-3-fluoroPEP 18+1 4.1+02
(E)-3-fluoroPEP 40=+04 1.0+0.2
(Z)-3-chloroPEP 31+6
(Z)-3-methylPEP 160 = 30
(Z)-3-bromoPEP 250 +50
Analogues of D-E4P

Prior to the commencement of these studies, there were two known phosphonate
analogues of D-E4P that had been shown to be accepted as substrates of DAH7P(Tyr)
synthase from E. coli: the phosphonate (4-deoxy-4-phosphono-D-erythro-tetrose) and
the homophosphonate (4,5-dideoxy-5-phosphono-D-erythro-pentose) (Figure 1.10).%
The V,

=ax Values determined for phosphonate and homophosphonate were approximately

S % and 30 % of that obtained using D-E4P as a substrate, respectively.

It has also been shown that the DAH7P(Phe) synthase from E. coli can utilise D-ribose
S-phosphate (D-R5P), D-ASP, and 2-deoxy-ribose 5-phosphate (2-deoxyRS5P) (Figure
1.10) as alternative substrates to D-E4P.””% All these phosphorylated monosaccharides

are one carbon unit longer than the natural substrate, D-E4P. In the recent studies, P.
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furiosus DAH7P synthase has been shown to have a broad substrate specificity.”* The
P. furiosus enzyme accepted five-carbon phosphorylated monosaccharides, as well as 2-
deoxy-erythrose 4-phosphate (2-deoxyE4P) and 3-deoxy-erythrose 4-phosphate (3-
deoxyE4P) as alternative substrates (Figure 1.10). Further work on analogues of D-E4P

is presented in chapter two of this thesis.

OH oH OH
Z_OBP\MO Y \‘O Z_Ospo\/’\AO 2.-03PO\/\AO
OH g OH oH
=04P
4-deoxy-4-phosphono- 4,5-dideoxy-5-phosphono- 2-deoxyE4P 3-deoxyE4P
D-erythro-tetrose D-erythro-pentose
(phosphonate) (homophosphonate)

/\)Oi/(i OH O OH O
2_03PO : T H 2_OSPO/\‘MH Z_ngoWH
OH OH OH OH OH

D-R5P D-ASP 2-deoxyR5P

Figure 1.10. Analogues of D-E4P

1.3. KDOS8P Synthase

Broadly, Gram-positive (G*) and Gram-negative (G") bacteria are distinguished by the
Gram stain. The difference between G* and G~ bacteria is in the organisation of
structures outside the phospholipid bilayer plasma membrane. In G™ organisms, such as
E. coli, the structures outside the plasma membrane constitute the cell envelope,

whereas in G* organisms they make up the bacterial cell wall.” The G~ bacteria cellular
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envelope contains a much smaller peptidoglycan layer than G* bacteria (Figure 1.11).
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Figure 1.11. Schematic molecular model of the inner and outer membranes of E. coli K-12.

Taken from Raetz and Whitefield.®!

The peptidoglycan layer is surrounded by an outer membrane, which acts as a protective

barrier preventing many antibiotics from reaching their site of action and thus confers a

natural resistance to such agents. This outer membrane is composed of a non-

symmetrical bilayer of phospholipid (interior) and lipopolysaccharide (LPS; exterior,

Figure 1.11). The unique LPS layer, also referred to as bacterial endotoxin, is

responsible for G infections causing

pathophysiological disease.”” LPS is an

amphipathic molecule consisting of a hydrophobic head called lipid A (Figure 1.12),

which possesses most of the biological activities of LPS, and a hydrophilic
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polysaccharide tail. Since the biosynthesis of LPS is known to be unique to G~ bacteria,

and G~ bacteria require LPS for their growth and virulence, LPS biosynthesis has been

identified as a target for the development of novel antibacterial agents.”*
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Figure 1.12. Structure of KDO,-Lipid A in E. coli K-12. The numbers denote the number of
carbon atoms of the fatty acid. Taken from Raetz and Whitefield.®’

There are four unique components in the structure of LPS: i) lipid A, ii) R-3-
hydroxymyristate in the lipid A region, iii) L-glycero-D-manno-heptose (GMH) in the
core polysaccharide region, and iv) 3-deoxy-D-manno-octulosonic acid (KDO) in the
core polysaccharide region.” Inhibition of the biosynthesis of KDO is an excellent
chemotherapeutic target, since KDO is a site-specific molecule found in G~ organisms
and is required for lipid A maturation and cellular growth.” Thus, synthetic inhibitors of
KDO biosynthesis have been designed.*** The biosynthesis and utilisation of KDO can

be envisioned as an essential minor branched pathway in carbohydrate metabolism in G~
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bacteria. Most of the enzymes in the pathway have been isolated and purified to

homogeneity, and some elementary inhibition studies have been initiated.”

KDOBSP synthase is the key enzyme in the biosynthesis of LPS in the majority of G~
organisms and for controlling the carbon flow in the biosynthetic formation of KDO.”>*
KDOSP synthase catalyses the condensation of D-ASP and PEP to give KDOS8P (Figure

1.13). KDOSP is dephosphorylated by the next enzyme in the pathway to generate

KDO.
2_
OH O OHHo: OPO;4
210,PO CO, + . /\M KDOB8P synthase o) . P,
\|T OgPO™ ™ H HO GOy~
OH OH
OH
PEP D-ASP KDO8P

Figure 1.13. KDO8P synthase-catalysed reaction

All KDOSP synthases were initially thought to be non-metalloenzymes, as the E. coli
enzyme does not require a divalent metal ion for catalysis. However, recent studies have
shown that A. aeolicus, H. pylori, and Aquifex pyrophilus KDOS8P synthases are metal-
dependent.®**'% In addition, these enzymes do not have any feedback inhibitors in
contrast to most of the DAH7P synthases.” Although DAH7P synthase and KDOSP
synthase belong to unrelated biosynthetic pathways, both enzymes appear to share

mechanistic similarities for the condensation between PEP and an aldose phosphate.
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1.3.1. Mechanistic studies of KDO8P synthase

Like DAH7P synthase, KDOS8P synthase catalyses an unusual aldol-like condensation
between D-ASP and PEP to give KDOS8P with the release of phosphate.* The KDOSP
synthase reaction has also been shown to follow an ordered sequential kinetic
mechanism in which PEP binds first, followed by D-ASP, with P, released prior to the
final product, KDOS8P.'" From an early study using specifically labelled ['*O}-PEP as a
substrate for KDOSP synthase in the enzymatic reaction, it is now known that the
mechanism involves the C-O cleavage of PEP instead of P-O bond cleavage.'”
Additionally, the KDOS8P synthase-catalysed reaction has been shown to have the same
facial selectivity as the DAH7P synthase reaction where the si face of PEP attacks the re
face of D-ASP from studies using the labelled 3-deutero and 3-fluoro analogues of PEP

as alternative substrates for the E. coli KDOS8P synthase. '**'®

As for DAH7P synthase, two distinct mechanisms for the KDOS8P synthase reaction
have been proposed involving either the generation of a cyclic or an acyclic

102,

intermediate (Figure 1.14)."*'” These intermediates would then give rise to the cyclic

or open-chain forms of KDOSP, respectively.

The acyclic mechanism (Path A) was suggested initially by Hedstrom and Abel in
1988.'2 They proposed that the condensation of PEP and D-ASP to form KDOSP
proceeds via attack by water at C2 of PEP and by C3 of PEP on C1 of D-ASP. They also

determined that the reaction is essentially irreversible, meaning that the enzyme-bound
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KDO8P synthase
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OH .
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Figure 1.14. Proposed mechanism of KDO8P synthase. Note that steps involved in the loss of
the phosphate are not shown. Taken from Bassov et al.'®

intermediate cannot be examined under equilibrium conditions. Therefore, the
mechanistic proposals have been based on the results of possible intermediate mimics
and examination of reaction of the various analogues of D-ASP, analogues of PEP, and
analogues of KDO8P.**'!% 118 Ope of these analogues, 4-deoxy-arabinose S-phosphate
(4-deoxyASP, Figure 1.15), was prepared for a mechanistic study in order to determine
whether the cyclic furanose form or the acyclic form of D-ASP (Figure 1.15) was the
substrate for the enzyme.''' Examination of the 4-deoxyASP with the enzyme revealed

that 4-deoxyASP has a similar k_, value (11 = 0.4 s™") to the original substrate D-ASP

cat

(7+0.45s"), suggesting that the enzymatic reaction utilises the acyclic form of D-AS5P.

29



Chapter One INTRODUCTION

2043P0
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OH OH OH OH OH OH
D-AS5P acyclic form D-A5P cyclic form 4-deoxyA5P 3-deoxyA5P

Figure 1.15. Analogues of D-A5P

A series of experiments on the E. coli KDOS8P synthase with inhibitors and alternative

).”* The observation

substrates had favoured the cyclic mechanism (Path B in Figure 1.14
that 3-deoxy-arabinose 5-phosphate (3-deoxyASP, Figure 1.15) was neither a substrate
nor an inhibitor for E. coli KDOS8P synthase led to the proposal that the reaction may
pass through a cyclic intermediate (2, Figure 1.14).°* In support of the cyclic
mechanism, the 2-deoxy cyclic analogues (3 and 4, Figure 1.16) of the product both

showed moderate inhibition of the enzyme (K, values of 303 uM and 470 uM,

respectively), whereas the isosteric phosphonate analogue (8, Figure 1.16) of the cyclic

113

intermediate was considerably more potent (K; =5 uM). "~ However, when the putative

Figure 1.16. 2-Deoxy cyclic analogues and an isosteric phosphonate analogue of KDO8P

30



Chapter One INTRODUCTION

cyclic intermediate (2, Figure 1.14) was synthesised and examined as an alternative
substrate for the enzyme, this compound was not a substrate.'”” This strongly suggests
that cyclic intermediate is not involved in the enzyme-catalysed reaction and supports
the acyclic mechanism originally proposed by Hedstrom and Abeles (Path A in Figure
1.14).'” In addition, the first acyclic bisubstrate inhibitor of E. coli KDOSP synthase
(Figure 1.17) has been synthesised and shown to be the most potent inhibitor of the
enzyme reported to date (K; = 0.42 uM).'"">"" This analogue mimics the positive

charge of the putative acyclic oxocarbenium intermediate (Figure 1.14).

Figure 1.17. Acyclic bisubstrate inhibitor of KDO8P synthase

Despite all of the evidence for an acyclic mechanism, there is still no evidence for the
existence of the acyclic intermediate as a true enzymatic intermediate. However, in
recent studies, the hemiketal phosphate intermediate (1, Figure 1.14) has been identified
using time-resolved electrospray ionisation mass spectrometry (ESI-TOF MS).'* This
experiment allows direct detection of the enzyme-intermediate complex on a very short
millisecond lifetime scale. Consequently, this result has supported the acyclic
mechanism for KDOS8P synthase and, by analogy, it has been assumed that DAH7P

synthase also catalyses its reaction through an acyclic mechanism.
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J Path Path D

Figure 1.18. Two proposed elementary steéas for the formation of a linear intermediate of
KDOBP synthase. Taken from Shulami et al."
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Since the structures of two different KDOS8P synthases, one metal-independent and the
other metal-dependent, have been determined,'”'® new mechanisms have been
proposed depending on the presence or absence of metal atthe active site (Figure 1.18).
The metal-independent KDOS8P synthase has been postulated to follow the linear
mechanism via a transient oxocarbenium intermediate (Path D in Figure 1.18).'% In this
mechanism, the initial attack of the si face of the PEP double bond to the re face of the
carbonyl of D-ASP gives the acyclic oxocarbenium intermediate (1, Figure 1.18). The
cation is then attacked by a water molecule resulting in the formation of the acyclic
biphosphate intermediate (2, Figure 1.18). In contrast, for metal-dependent KDOS8P
synthases (Path C in Figure 1.18),"”” a hydroxide ion produced by deprotonation of a
metal-water complex attacks C2 of PEP forming a carbanion intermediate at C3 of PEP
(3, Figure 1.18). The carbonyl of D-AS5P could then attacked by the carbanion to

produce a linear form of KDOSP.

More recently, it has been demonstrated that a metal-dependent KDOSP synthase can be
converted to a metal-independent KDOS8P synthase retaining about 10 % of wild-type
maximal activity in the absence of metal ions.?*'?’ This change takes place by a single
mutation to the metal-binding cysteine to give an asparagine in its place. An asparagine
at this position is absolutely conserved in all metal-independent KDOS8P synthases. This
result suggests that the metal ion is not directly involved in the metal-dependent
KDOS&P synthase reaction. Therefore, the suggestion that a divalent metal ion provides a
hydroxide ion, which leads to the formation of the C3 carbanion (Path C in Figure
1.18),"> might be less plausible than initially thought. These experiments and
observations support a common mechanism for both metal-independent and metal-

dependent KDOSP synthases in which a transient oxocarbenium intermediate forms at
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C2 of PEP from combination of PEP with D-ASP. This is supported by the results and

analysis presented in this thesis as described in chapter six.

1.3.2. Substrate specificity of KDO8P synthase

As KDOSP synthase appears to be highly related to DAH7P synthase, any study of
DAH7P synthase needs to consider similar work on KDOS8P synthase. The substrate
specificity of DAH7P synthase, to date, has been examined with E. coli DAH7P(Phe)
synthase and P. furiosus DAH7P synthase.**” Both studies showed that KDOSP can be
formed from D-ASP (or other five-carbon sugars) and PEP using DAH7P synthase,
whereas E. coli KDOS8P synthase cannot catalyse the formation of DAH7P from D-E4P
and PEP.*® Recently, it has been reported that D-R5P, which has the same C2 hydroxyl
group configuration as D-E4P (but opposite to the C2 hydroxyl group configuration of
D-ASP), is not a substrate of A. aeolicus KDO8P synthase.‘25 Additionally, neither 2-
deoxyRS5P nor 3-deoxyASP act as alternative substrates, but 4-deoxyASP is an
alternative substrate of the E. coli KDOSP synthase enzyme.”*'"" It has also been
demonstrated that both E. coli and A. aeolicus KDOSP synthases cannot utilise either
four- or six-carbon sugars as alternative substrates.***** Collectively, these results

suggest that KDOS8P synthase is more substrate specific than DAH7P synthase.

1.3.3. Structural studies of KDOS8P synthase

Although DAH7P synthase and KDOS8P synthase are functionally unrelated enzymes,
the mechanistic similarities suggest that both enzymes have a common ancestor, as

described in section 1.3.1. Moreover, the structural studies of DAH7P synthase®®~¢*77"7
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and KDOSP synthase'*"'* have revealed that the structure of DAH7P synthase (from E.
coli, S. cerevisiae, T. maritima, and P. furiosus) is similar to that of KDOS8P synthase
(from E. coli, A. aeolicus, and N. meningitidis) (structures are shown in Figure 1.8).

Both E. coli and N. meningitidis KDOS8P synthases are metal-independent enzymes,

121-123.128 6.124

whereas A. aeolicus KDOS8P synthase is a metal-dependent enzyme.®

The first structure of a metal-independent KDOSP synthase from E. coli was determined
at 2.4 A resolution in 2000."*' This study demonstrated that KDOSP synthase is a
homotetramer in which each monomer is a (f3/p)s-barrel. The KDOS8P synthase crystals
were grown in 1.4 M (NH,),SO, and 04 M (K/H),PO, (pH 7.5). Two SO,>/HPO,” sites
were found in the structure and these were proposed to represent the binding sites for
the phosphate groups of D-ASP and PEP. The distance between the D-ASP and PEP
phosphate groups in this model structure was 13 A supporting the original hypothesis

that KDOSP synthesis proceeds via an acyclic intermediate.

In 2001, Asojo er al. solved the crystal structures of KDOS8P synthase from E. coli in
complex with substrate PEP and in complex with a mechanism-based inhibitor (Figure
1.17) to 2.8 A and 2.3 A resolution, respectively.'? The overall structures of these
complexes were shown to be very similar to the structures from Radaev er al.,'”!
confirming that KDO8P synthase is homotetramer. In the first structure, KDO8P
synthase-PEP, the phosphate group of PEP was anchored to the enzyme so as to block

the si face of PEP. The vinyl group of PEP was away from the active site cleft and is not

within van der Waals contact distance of any nearby residues (His202, Lys138, Argl68,
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and GInl41 on the si face of PEP; Arg63 and Asn62 on the re face of PEP). In their
second structure, the KDOS8P synthase-inhibitor complex, the phosphate group from the
PEP moiety in the inhibitor is hydrogen-bonded to His202, Argl68, and GInl41 and the
D-ASP portion of the inhibitor was stretched out along the active site cleft. Also, it was
observed that whereas, in the D-ASP portion of the inhibitor, the two hydroxyl groups at
C2 and C3 formed hydrogen bonds with residues Pro252, GIn205, and Gly251, the Cl

and C4 hydroxyl groups did not make any close contacts with the enzyme.

The structure of the metal-dependent KDOS8P synthase from A. aeolicus has recently
been determined to 1.9 A for substrate-free enzyme with and without Cd*.'* The
structure of the enzyme has also been solved in complex with PEP, PEP-Cd*, D-
AS5P-Cd**, and D-ASP-PEP-Cd*". It is noteworthy that two water molecules, one that is
on the si face of PEP and the other one that is on the re face of PEP, were also found in
the structures of the enzyme-PEP-Cd**, the enzyme-PEP, and the enzyme-D-ASP-PEP-
Cd** complexes and were close to C2 of PEP in van der Waals contact. In the KDOSP
synthase-D-ASP-PEP-Cd** complex, the water molecule on the si face of PEP was

observed to be hydrogen-bonded to a water molecule coordinated to Cd*".

Furthermore, the structure of A. aeolicus KDOS8P synthase in complex with D-R5P has
also been determined by Wang er al.'” D-R5P is not a substrate for this enzyme and has
the opposite configuration at C2 to substrate D-ASP. In this structure, the water
molecule hydrogen-bonded to the C2 hydroxyl group of D-ASP and coordinated to the
metal is not present. The absence of this water molecule was considered to account for
the inability of D-RSP to act as a substrate for KDOS8P synthase. Based on these

observations, Wang et al. proposed a possible mechanism for KDOS8P synthase. In their
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mechanism, the water molecule on the si face of PEP is activated by the divalent metal
ion and the activated water attacks C2 of PEP forming a carbanion intermediate at C3 of
PEP. The C3 of PEP then attacks the carbonyl group of D-ASP. This results in the

formation of the linear intermediate (Path C in Figure 1.18).'*

In contrast to the E. coli KDOS8P synthase where there is no metal bound, there are
several residues that serve as metal-binding ligands at the active site of KDO8P
synthase from A. aeolicus.'” These residues are Cysl1, His185, Glu222, and Asp233,
which have their counterparts in E. coli KDOS8P synthase (Asn26, His202, Glu239 and
Asp250). Three of these four residues (His185, Glu222, and Asp233) are completely
conserved in all known metal-dependent and metal-independent KDOS8P synthases,
whereas Cys is found only in metal-dependent KDOS8P synthases and is always
substituted by an Asn in metal-independent KDOSP synthases.®'®'2*!2* The metal-
coordinated water molecule observed in A. aeolicus KDO8P synthase has no
counterpart in the E. coli KDOS8P synthase structure. In addition, His185 is also
reported to be necessary for the correct binding of PEP in the active site of A. aeolicus

KDOSP synthase.'”

More recently, as noted above, it was demonstrated that metal dependency could be
eliminated by a single amino acid replacement, Cys11 to Asn in both A. aeolicus and A.
pyrophilus KDOS8P synthases.'**'*” Conversely, replacement of Asn26 by Cys in a

metal-independent E. coli KDOSP synthase led to metal binding with increased activity
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from 6 % to 30 % of wild type in the presence of a metal ion, Mn**."® These results
suggest that the absence of the metal ion in the metal-dependent KDOS8P synthase is not
critical for the enzyme-catalysed reaction. It has been proposed that the metal ion has an
important structural role in KDOS8P synthase enzymes to maintain the correct
orientation of the substrates in the enzyme active site for catalysis. Thus, according to
the results from these studies, it has been suggested that Asn in E. coli KDO8P
synthase, in place of the metal-binding Cys in metal-dependent KDOS8P synthases, may

also play a similar structural role to the metal ion.

1.3.4. The relationship between DAH7P synthase and KDO8P synthase

Although these two enzymes, DAH7P synthase and KDOSP synthase, are functionally
unrelated as described in earlier sections (see section 1.1 and 1.3), they share many
mechanistic features. Due to their similarities, many comparisons have been made
between DAH7P synthase and KDOS8P synthase. Both DAH7P synthase and KDOS8P
synthase catalyse a reaction between PEP and a phosphorylated monosaccharide, D-E4P
for the former to give a seven-carbon sugar product, DAH7P, and D-ASP for the latter
to generate KDOS8P, an eight-carbon sugar. While there is little primary sequence
similarity between the E. coli KDOS8P synthase and the E. coli DAH7P synthase, that is
only 13 % of the residues are identical, and 38 % are either identical or substituted

62

conservatively, it is clear that there is a high degree of structural similarity. Both

enzymes catalyse the condensation reaction of PEP with a phosphorylated aldolase by a
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similar ordered-sequential mechanism where PEP binds first and final sugar product is
released last.>*'! Both reactions involve the cleavage of the C—O bond of PEP instead

51.52.102

of P-O cleavage, with the si face of PEP coupling with the re face of their
respective sugar substrate, D-E4P or D-ASP.*'” Moreover, it has been shown that
DAH7P synthases and KDOS8P synthases have remarkably similar active-site
architectures from their X-ray crystal structure determinations.**">™!212* The results
suggest that both PEP and the sugar phosphate substrates bind in similar locations at the
active site of both DAH7P and KDOS8P synthases, although the sugar phosphate
substrates are different lengths. Many key active site residues from both enzymes are in

the same relative positions and can be mapped onto their DAH7P synthase counterparts

(Table 1.3).

While the similarities are clear, there are two major differences between DAH7P
synthase and KDOS8P synthase: (i) substrate specificity and (ii) metal requirement. As
mentioned in section 1.3.2, DAH7P synthase shows broad substrate specificity
accepting five-carbon sugars and 2-deoxyE4P,”*™'* whereas KDOSP synthase takes
only D-ASP but not four-, other five-, and six-carbon phosphorylated sugars.®* In
addition, all characterised DAH7P synthases are known to be metal-dependent, whereas
for KDOSP synthases, both metal-dependent and metal-independent enzymes have been
characterised.

8183121124126 Recent studies have shown that metal-dependent KDOS8P synthases can be
converted into metal-independent KDOS8P synthases by the mutation of the metal-
binding Cys to Asn, as mentioned in section 1.3.3."°*'*" It has been suggested that the
metal ion is not directly involved in the metal-dependent enzyme-catalysed KDOS8P

synthase reaction and it may have a different function."*"”’
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Table 1.3.

Equivalent residues in the active site of DAH7P and KDO8P synthases based on 3-dimensional

structure analysis

E. coli S. cerevisiae | T. maritima P. furiosus A. aeolicus E. coli
DAH7P DAH7P DAH7P DAH7P KDOS8P KDO8P
synthase™ synthase”™ synthase™’ Synthase’* synthase'* | synthase'!
Alal 64 Alal79 Alal85 Alall4 Alal02 Alall6
PEP- LysI86 Lys201 Lys207 Lysl36 Lys124 Lysl38
Phosphate _ _
binding Arg234 Argl80 Argl86 Arglls Argls4 Argl68
Argl 65 Arg249 Arg237 Argl66 Phel03 Phell7
Arg92 Argl07 Argl26 Arg55 Lys4l Lys55
PEP Lys97* Lysl12 Lysl31 Lys60° Lys46 Lys60
Carboxylate Lys186 Lys201 Lys207 Lys124 Lys138
binding Serd3
GInl82 Ginll1l GIn99
Cys6l Cys76 Cys102 Cys31 Cysll Asn26
His268 His282 His272 His201 His185 His202
Metal
binding Glu302 Glu316 Glu298 Glu227 Glu222 Glu239°¢
Asp326 Asp342 Asp309 Asp238 Asp233 Asp250
D-E4P/ v , .
D-ASP Arg99 Argll4 Argl33 Arg62 Argd9 Arg63
Phosphate Thr100 Thril15 Thr134 Thr63 Ser50 Ser64
binding
Proll3 Pro 132/ Pro61/
(C2-OH>™P) Argl86 Argll15s
(C3_OHD»EAP) (Cz_OHI)-EMP)
D-E4P/ Asp342 Asp309 / Asp 238 Asp48/ PO,”
D-A5P (C3-OH"FPy Ser308 (C3-OH"®P) (C1 P25
Hydroxyl (C2-OH"™¥)
group Cd™
binding (C2-OH™ ¥
/C3-OHP*)
Asn48

(C3_OHD-A5P)

?Lys97 hydrogen bonds to a water that is coordinated to the Mn?” centre.
® Note: in this reference,74 this residue is disordered Lys136.

° Note: in this reference,

121

this residue is mislabelled His235.

4 C2 and C3 hydroxyl groups of D-E4P are inferred to be C1 and C2 in G3P.
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1.4. Aim of the project

Although there has been intensive study on the enzymic reactions catalysed by DAH7P
and KDOSP synthases, there are a number of questions that still remain:
1. What are the effects of the configuration of the hydroxyl groups of aldose
phosphate substrates on the enzyme-catalysed reaction?
2. What are the mechanistic similarities and differences between DAH7P
synthase and KDOS8P synthases, since D-E4P is a natural substrate for
DAHT7P synthase but D-R5P, the C2 epimer of D-ASP (a natural substrate for
KDOS8P synthase) with E4P-like C2 configuration, is not a substrate for

KDOSP synthase,’*”*8#130

Therefore, synthetic molecules, which are stereoisomers of D-E4P, were designed and
these compounds were tested as alternative substrates for DAH7P synthase to address
some of these issues. The general focus of these studies is to examine the tolerance of
DAHT7P synthases from E. coli and P. furiosus and the KDO8P synthase from N.
meningitidis to changes in the structure of the various phosphorylated monosaccharide

substrates.

The aim of this research was to prepare, for the first time, alternative C2 or C3
stereoisomers of the natural substrate D-E4P of DAH7P synthase and alternative C2,
C3, or C4 stereoisomers of the natural substrate D-ASP of KDOS8P synthase. This is the
first systematic study of the tolerance of both enzymes to changes in the C2, C3, or C4

configuration of the aldose phosphate substrate.
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The specific goals of this study were:

* To synthesise the diastereoisomers of D-E4P (Figure 1.19): D-threose 4-phosphate
(D-T4P) and L-threose 4-phosphate (L-T4P).

* To synthesise D-ASP and the stereoisomers of D-ASP (Figure 1.19): D-xylose 5-

phosphate (D-X5P), L-xylose 5-phosphate (L.-X5P), D-lyxose 5-phosphate (D-L5P).

OH O N e OH O
20,0 AN, O3PO\/'\I)‘H zop0. AL,

OH OH OH
D-E4P D-T4P L-T4P
OH O OH O OH O
2~o3Po/\;/kﬂLH 2‘03Po/\MH 2-03PO/MH
OH OH OH OH OH OH
D-AS5P D-R5P D-L5P
OH O OH O
2‘03PO/\')\HLH Z'OSPO/\,_/\;)LH
OH OH OH OH
L-X5P D-X5P

Figure 1.19. Target compounds for DAH7P synthase and KDO8P synthase: Isomers of D-E4P
and D-ASP

* To examine the tolerance of DAH7P synthase to changes in C2 or C3
stereochemistry by examining whether these compounds act as alternative substrates
for, or as inhibitors of E. coli DAH7P(Phe) synthase and P. furiosus DAH7P
synthase.

* To examine the tolerance of KDOS8P synthase to changes in C2, C3, or C4

stereochemistry using N. meningitidis KDO8P synthase.
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* To characterise the products of the DAH7P synthase and KDOSP synthase reactions

where these compounds do act as alternative substrates to D-E4P or D-ASP.

The successful synthesis of the stereoisomers of D-E4P and D-ASP led to an
investigation of the tolerance of DAH7P synthase to stereochemical changes at C2 and
C3 of D-E4P and of KDOS8P synthase to stereochemical changes at C2, C3, or C4 of D-
ASP. Kinetic data for the stereoisomers of D-E4P and D-ASP were obtained with E. coli
and P. furiosus DAH7P synthases and with N. meningitidis KDOS8P synthase,
respectively. The products of these reactions, the DAH7P and KDOS8P isomers, were
characterised by mass spectrometry and NMR spectroscopy. As a result of this success,
the mechanistic differences between DAH7P and KDOS8P synthase could carefully be

compared with respect to metal requirement and to sugar substrate C2 configuration.
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Chapter Two

PREPARATION OF AND PRELIMINARY STUDIES WITH
D-ERYTHROSE 4-PHOSPHATE AND ITS ANALOGUES

As introduced in the previous chapter, we are interested in how sensitive DAH7P
synthase is to structural changes particularly in stereochemistry of the monosaccharide
phosphate substrate. This investigation was initiated in order to provide further
significant information about the enzyme mechanism at the active sites of DAH7P

synthase and KDOB&P synthase.

This chapter describes the preparation of, and studies with analogues of the natural

substrate for DAH7P synthase, D-E4P. The interaction of these compounds with

DAH7P synthase is described in chapter four.

2.1. Preparation, Properties, and Determination of D-E4P

This section describes the properties of D-E4P and its preparation using a previous

reported procedure."'
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2.1.1. Studies with analogues of D-E4P

As mentioned previously in the introduction, there have been few studies on analogues
of D-E4P as compared to PEP. Both phosphonate and homophosphonate (Figure 2.1)
are known analogues of D-E4P and have been reported to be substrates of E. coli
DAH7P(Tyr) synthase.*'**> However, it has been found that the natural substrate D-E4P
is a much better substrate for the enzyme. Interesting results from our laboratory
studying racemic 2-deoxyE4P, (35)-2-deoxyE4P, and 3-deoxyE4P (Figure 2.1) have
found that these compounds are accepted as substrates of the enzyme, E. coli

DAH7P(Phe) synthase.”*'*

OH o
2—O3P\MO ; ey
AH 0,0 OH
phosphonate homophosphonate
WO o
204P0 o
3
OH 2‘O3POW
2-deoxyE4P 3-deoxyE4P

Figure 2.1. Analogues of D-E4P

The product of the reaction of 2-deoxyE4P with PEP in the DAH7P synthase-catalysed
reaction was identified as the expected 5-deoxyDAH7P (Figure 2.2), as the enzyme
appears to utilise only one enantiomer of racemic 2-deoxyE4P, the stereoisomer with

the same C3 stereochemistry as D-E4P.”>'*°
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OH OH O

2
“03PO COy

Figure 2.2. 5-DeoxyDAH7P generated from the reaction of PEP with (3S)-2-deoxyE4P

Additionally, 2-deoxyE4P was found to be an alternative substrate of P. furiosus
DAH7P synthase and it was used more efficiently by this enzyme than D-E4P (Table
2.1).” 3-DeoxyE4P was also tested with E. coli and P. furiosus DAH7P synthases and
found to be a considerably poorer substrate than 2-deoxyE4P for both enzymes (Table
2.1).7**° This work indicates that the C3 hydroxyl group of D-E4P was not essential for
catalysis with DAH7P synthase, which is consistent with an acyclic mechanism rather

than the cyclic mechanism as discussed in chapter one.

Table 2.1.
Kinetic results from analogues of D-E4P with DAH7P synthases?

E. coli DAH7P(Phe) synthase® P. furiosus DAH7P synthase™

Analogues of

D-E4P KM kcat kcal/ KM KM kcat kca(/ KM
(uM) (s (s'/uM) (uM) (s (s'/uM)
D-E4P 39+4 26+2 67010’ 9=+ 1.4+0.1 1600107

(3S)-2-deoxyE4P| 410 =40 253  60al0? 61 3.0=0.1 49 al0?

(2R)-3-deoxyE4P| 2680+ 140 45+0.1 2al0® | 20030 27«5 1400 10°

? DAH7P synthases from both sources were assayed in accordance with previously reported procedures.” '
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D-T4P differs from D-E4P in its C2 hydroxyl group configuration, whereas the C3
hydroxyl group of L-T4P is in the opposite configuration to that found at C3 in D-E4P.
Due to the different configuration of the C2 and C3 hydroxyl groups, the study of D-
and L-T4P will give us significant information as to the tolerance of the enzyme
DAHT7P synthase to changes in D-E4P, and the role that the C2 and C3 hydroxyl groups

play in the normal enzyme-catalysed reaction.

2.1.2. Properties and previous preparations of D-E4P

D-E4P is a notoriously unstable compound in solution and consequently it is difficult to
handle."* It has been reported that both monomer and dimer forms of D-E4P are found

in aqueous solutions and the amount of dimer depends on the D-E4P concentration.'*

The three major forms of D-E4P identified by NMR spectroscopic studies by Duke ez al.
are dimers of D-E4P in solution (Figure 2.3), which dissociate to monomer forms at

relatively low concentrations (< 0.2M).'*

The monomer exists mainly as its hydrate in
solution. The monomer of D-E4P would be expected to be the most predominant species
in biological assay studies as the D-E4P concentration is relatively low. However, the
dissociation rate of the dimer to the monomer is slow. Thus, care has to be taken to
ensure that the solution has time to be allowed to equilibrate. As well, D-E4P solutions
cannot readily be evaporated to dryness to give solid D-E4P as the molecule

dephosphorylates on concentration. This poses particular difficulties with the isolation

and purification of this compound.
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Figure 2.3. Equilibration of D-E4P

Both enzymatic and synthetic methods for the preparation of D-E4P have been

7 p-E4P can be formed enzymatically by the enzyme transketolase.'* In

reported. **
this enzyme-catalysed reaction, D-fructose 6-phosphate (D-F6P) and D-R5P produce D-
E4P and sedoheptulonase 7-phosphate (S7P) (Figure 2.4). This is a reversible reaction
and therefore, D-E4P is present as well as the other sugar phosphates at equilibrium. Itis

difficult to purify D-E4P from this complex mixture. However, itis a useful method for

the generation of D-E4P when the D-E4P does not need to be isolated.

CH,0H
CH,OH 0O
CHO
O H OH CHO HO H
HO H
+ H OH transketolase H OH + H OH
H OH CH,OPO,2- H OH
2- 2 3
CH,0PO CHzOPO; CH,0PO2-

0-F6P 0-R5P o-E4P S7p

Figure 2.4. Enzymatic synthesis of D-E4P using transketolase
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Ballou er al. have prepared D-E4P using two different synthetic methods.”” Both
methods produce 4-O-trityl-2,3-di-O-acetyl-D-erythrose diethyl mercaptal as a key
intermediate (Figure 2.5). In method A, 4-O-trityl-2,3-di-O-acetyl-D-erythrose diethyl
mercaptal was synthesised from D-arabinose via D-erythrose with an overall yield of 14
%. In method B, 4-O-trityl-2,3-di-O-acetyl-D-erythrose diethyl mercaptal was prepared
from 4,6-O-ethylidene-D-glucose via 2,4-O-ethylidene-D-erythrose in an overall yield of

45 %.

method A method B

OH OH O

. CHO CHI(SEt), cHO ]

“HO——H HO ——H ; X ol
H—-OH | oH

, H OH HiOH H OH . 4 o, 0

0] /
i H—OH H—- OH CH,OH )—o OH \|/
D-arabinose p-arabinose D-erythrose D 4,6;O-ethylidene 2.4-O-ethylidene
diethyl mercaptal .- D-glucose D-erythrose

Lo

14% | 45%
CHISEY), CHO
|
H-40-COCH,4 . H-—TOH
H——0-COCHy —— - H—OH
CH,O-CICgHo)5 CHOPQ,
4-O-trityl-2,3-di- O-acetyl- D-E4P

D-erythrose diethyl mercaptal

Figure 2.5. Reported scheme for the preparation of D-E4P."* i. C2HsSH, HCI: ii. (CeHs)sCCl, CsHsN;
i. (CH3CO)20.

D-E4P can also be prepared in high yield (85 %) by oxidative cleavage of D-glucose 6-
phosphate (D-GIu6P) with lead tetraacetate (Figure 2.6)."*""”® This is a convenient one

step procedure and it is the commonly used method for the synthesis of D-E4P. This
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chapter describes the synthesis of D-E4P using this method and the synthesis of D-T4P
using D-galactose 6-phosphate (D-Gal6P) as an alternative starting material by an

adaptation of this method.

20, PO
O OH O
OH Pb(OAC)4 2—03po\/!\/u\H
OH OH OH
OH
D-GIu6P D-E4P

Figure 2.6. Synthesis of D-E4P using lead tetraacetate

2.1.3. Preliminary investigations into the preparation of D-E4P

In these studies, following reported procedures, D-E4P was prepared by oxidation of D-
Glu6P with lead tetraacetate (Figure 2.6).""' Theoretically, two equivalents of lead
tetraacetate are required for each equivalent of D-Glu6P to achieve cleavage of the six-
carbon sugar to the four-carbon sugar. In accordance with the published method,"”" only
1.7 equivalents of lead tetraacetate were used in order to avoid over-oxidation to D-
glyceraldehyde 3-phosphate. After the oxidation of D-Glu6P with lead tetraacetate, the
presence of D-E4P was determined using an enzymic assay system involving the

enzyme transaldolase (EC 2.2.1.4).

In this assay system, the oxidation of NADH to NAD" by G3P dehydrogenase (EC
1.1.99.5) is monitored at 340 nm (osy, = 6.4 @ 10° M' cm™) after the conversion of D-

E4P to dihydroxyacetone phosphate via D-glyceraldehyde 3 phosphate catalysed by the
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enzymes transaldolase and triose phosphate isomerase (EC 5.3.1.1, Figure 2.7). This
enzyme assay system is particularly useful as it allows measurement of D-
glyceraldehyde 3-phosphate in the same assay mixture. According to this assay, in our

hands, D-E4P was synthesised from D-Glu6P in a 73 % yield.

o—JH o-F6P s7P o H
Hon - H—~OH
H —JI—OH transaldolase CHZOPO32‘
DC:jEPOGZ“ D-glyceraldehyde 3-phosphate
l{riose phosphate
isomerase
CH,0OH CH,OH
o NAD* NADH o
CH,0POz> _ N CH0POZ2"
G3P G3P dehydrogenase dihydroxyacetonephosphate

Figure 2.7. A coupled assay system using transaldolase, triose phosphate isomerase, and G3P
dehydrogenase

For this study, the presence of D-E4P was also confirmed by using the DAH7P synthase
reaction. The loss of PEP was followed on conversion of the two substrates PEP and D-
E4P to DAH7P catalysed by E. coli DAH7P(Phe) synthase at 232 nm (043, = 2.8 a 10°
M' cm™) (Figure 2.8). During the reaction, PEP loses its double bond between C2 and
C3 causing the disappearance of absorption at 232nm when the enzyme catalyses the
formation of DAH7P. Therefore, with PEP in excess, the loss of absorbance will be

proportional to the D-E4P concentration.
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OH, ,CO,

OH O
DAH7P synthase
2—03PO\/[\)L 4 0
oA 2-0,P0__CO>” 2-0,PO on
OH \[( Y
OH

D-E4P

PEP DAH7P

Figure 2.8. Preparation of DAH7P from D-E4P and PEP by the DAH7P synthase-catalysed
reaction

To confirm that DAH7P was formed in this enzyme-catalysed reaction, and therefore,
that D-E4P was present, two methods were used. The first of these was the
thiobarbituric acid assay, which is a colourimetric method for the estimation of 3-
deoxyaldulosonic acids.” a-Formylpyruvate is generated by periodate oxidative
cleavage between C4 and C5 of a 3-deoxyaldulosonic acid (Figure 2.9). a-
Formylpyruvate gives rise to a pink colour with thiobarbituric acid and this is
spectrophotometrically detected at 549 nm (o, = 1.03 o 10° M'cm™). The enzymic
product from the D-E4P generated from D-GIu6P in this assay showed a dark pink
colour and absorbed at 549 nm. This result is consistent with the formation of DAH7P

from the chemically synthesised D-E4P in the DAH7P synthase-catalysed reaction.

-0,C, OH OH OH O O
0~ 2‘O3PO\)\€%}\ACO2_ NatQ, ﬂ</(‘\(3c)2-
2-04P0 oH OH \ P\
OH oxidative cleavage
DAHTP between C4 and C5 B-formylpyruvate

Figure 2.9. Formation of e-formylpyruvate for the thiobarbituric acid assay
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The other method to confirm that DAH7P was generated was to employ a coupled assay
system using the enzymes 3-dehydroquinate synthase (DHQS, EC 4.6.1.3) and
dehydroquinase (DHQase, EC 4.2.1.10), which are the second and third enzymes of the
shikimate pathway, respectively. This coupled assay system is followed at 234 nm
(s = 1.2 o 10* cm'M™") where the generation of 3-dehydroshikimate (DHS) can be

observed by the absorption of its a,a-unsaturated acid group (Figure 2.10).

. NAD* O

o HO.
HO - H DHQS {7y
0 e - O,C O~ A" 0P0,2-
“0.C o OPO?” s/ ™ O H
OH h
DAH7P =' ! B~
NAD* NADH
H !
HO OH / HO %
- 0 h - + P
R, S ~ozom ’
O“‘:H e OH
o
l HO

Figure 2.10. Proposed mechanism of DHQS. Taken from Knowles.'*

The product of the DAH7P synthase reaction gave rise to an increase in absorbance at
234 nm when incubated with DHQS and DHQase in the presence of NAD™ (catalytic
amounts of this cofactor are required by DHQS). This result confirms the presence of
DAHT7P and therefore, the presence of D-E4P following the oxidation of D-GIu6P by

lead tetraacetate. More details of this assay will be discussed in section 2.2.4.

53



Chapter Two PREPARATION OF AND PRELIMINARY STUDIES WITH D-E4P AND ITS ANALOGUES

Both of these assays (the thiobarbituric assay and the coupled assay with DHQS and
DHQase) were important for testing for the presence of D-T4P and for confirming its
ability to act as a substrate for DAH7P synthase despite the C2 configurational change.

These results with D-T4P are described in section 2.2.3 and 2.2.4.

2.2. Preparation and Determination of D-T4P

The key goal of this section is the preparation of D-T4P using different starting
materials. In this section, the synthesis of D-T4P using both oxidative chemistry from
six- or five-carbon sugars (Figure 2.11) and starting with a four-carbon precursor will

be introduced.

2.2.1. Preliminary investigations into the preparation of b-T4P from
D-Gal6P

As D- and L-T4P are not commercially available, they had to be synthesised. Due to the
similarity between D-T4P and D-E4P, it was considered that D-T4P might well be as
difficult to handle as D-E4P. Therefore, the same synthetic method that gave rise to D-

E4P was considered for the preparation of D-T4P.

As D-E4P could be generated by oxidative cleavage of D-Glu6P following the procedure

of Simpson et al.,"””" it was considered D-T4P might be able to be produced by adapting

this procedure. D-T4P differs from D-E4P by its absolute configuration at C2. Therefore,
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there are four possible six-carbon phosphorylated D-aldoses that could be potential
starting materials for the generation of D-T4P using the lead tetraacetate cleavage
procedure. These are D-gulose 6-phosphate, D-idose 6-phosphate, D-Gal6P, and D-talose
6-phosphate (Figure 2.11). Of these, only D-Gal6P was commercially available at the
beginning of this project. Following the method used for the preparation of D-E4P, D-
T4P was prepared by oxidation with 1.7 equivalents of lead tetraacetate from D-Gal6P
(Figure 2.12). After the oxidative cleavage, the mixture needed to be tested for the
production of D-T4P. As with the generation of D-E4P from D-Glu6P, enzyme assays
were utilised for this purpose. The D-T4P was confirmed to be an alternative substrate
of DAH7P synthase by the observation of the loss of PEP when incubated with E. coli

DAH7P(Phe) synthase.

204P0
OH
0
OH OH o
Pb(OAC), 2-0,P0 i
OH H
OH OH
D-Gal6P D-T4P

Figure 2.12. Proposed preparation of D-T4P using lead tetraacetate

2.2.2. Determination of the presence of D-T4P using transaldolase assay

The transaldolase assay was used to determine the presence of D-T4P. Using this
method, D-T4P was calculated to be produced in a 19 % yield from D-Gal6P. The

concentration of D-T4P was determined by observing the oxidation of NADH at 340 nm
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(040 = 6.4 . 10° M'cm) catalysed by G3P dehydrogenase. D-T4P is converted to G3P
via D-glyceraldehyde 3-phosphate and dihydroxyacetone phosphate by the enzymes
transaldolase and triose phosphate isomerase (Figure 2.7). This result was consistent
with the formation of D-T4P from D-Gal6P by cleavage with lead tetraacetate. However,
the result from the coupled assay system showed more dramatically increased
absorption for the presence of D-glyceraldehyde 3-phosphate than that of produced D-
T4P. It suggests that, although D-T4P was successfully synthesised by the oxidative

cleavage with lead tetraacetate of D-Gal6P, substantial over-oxidation had occurred.

Analysis of the stereochemistry differences between D-Glu6P and D-Gal6P may explain
the low yield of D-T4P in this reaction since the oxidation requires cis-diols.
Structurally, the a-D-Glu6P pyranose form has only one cis-diol between C1 and C2,
whereas a-D-Gal6P has two, one between Cl and C2 and the other between C3 and C4
(Figure 2.13). This change in stereochemistry may account for the difference in yield of
D-E4P (73 %) and D-T4P (19 %) from D-Glu6P and D-Gal6P, respectively. The
presence of a cis-diol between C3 and C4 may be the reason for the substantial over-
oxidation to D-glyceraldehyde 3-phosphate observed in our synthesis of D-T4P as

observed in the coupled assay system as described in section 2.1.3.

Since it was found that D-T4P had been synthesised, the loss of PEP in the presence of

E. coli DAH7P(Phe) synthase and the D-T4P was followed at 232 nm. This enzyme

assay showed time- and enzyme concentration-dependent loss of PEP (Figure 2.14).
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Figure 2.13. Structure of (a) eD-GIu6P and (b) e-D-Gal6P leading D-E4P and D-T4P,
respectively, by oxidative cleavage. The possible side products, D-LSP and D-glyceraldehyde 3-
phosphate from under- and over-oxidation from e&-D-Gal6P are also shown.

The pattern of the enzyme reaction observed was similar to that observed with D-E4P,
suggesting that the enzyme, E. coli DAH7P(Phe) synthase, tolerates D-T4P as an
alternative substrate. This is a significant result as it indicates that the enzyme is able to
accept a substrate with altered C2 stereochemistry. However, the reaction rate of D-T4P

was very slow compared to the same enzyme reaction with D-E4P. Although this may
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seven-carbon sugar

Figure 2.14. Seven-carbon monosaccharide produced by DAH7P synthase with D-T4P and PEP

indicate that D-T4P is a poorer substrate than D-E4P for E. coli DAH7P(Phe) synthase,
it might also be due to the presence of other monosaccharide sugars, D-glyceraldehyde
3-phosphate and D-L5P, from the over- and under-oxidation of D-Gal6P, respectively
(Figure 2.13). In previously published reports, it has been shown that other five-carbon
monosaccharides are substrates of E. coli DAH7P(Phe) synthase and that D-
glyceraldehyde 3-phosphate competes with D-E4P for active-site binding.””® Thus, if D-
glyceraldehyde 3-phosphate and D-L5P are in solution with D-T4P, they may compete
with each other for the enzyme, thereby slowing the enzyme reaction rate, or it might
mean that the loss of PEP we are observed, may not be due to consumption of D-T4P in
the mixture. Therefore, it was necessary to check that the loss of PEP in this enzyme
assay was due to the consumption of D-T4P only and was not due to the presence of any
other monosaccharide sugars. It was confirmed that D-T4P was generated by the
examination of the production of 3-deoxy-D-/vxo-heptulosonate 7-phosphate (D-
DLH7P) by enzymatic reaction with PEP. This was also performed in a number of ways
in following sections, closely paralleling the confirmation of DAH7P production from

D-E4P and PEP by the enzymatic reaction described in section 2.2.1 above.
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2.2.3. Thiobarbituric acid assay

D-DLH7P obtained from the reaction of D-T4P with PEP catalysed by E. coli
DAH7P(Phe) synthase was subjected to the thiobarbituric acid assay. In the assay, a
positive result was observed indicating the formation of a new C—C bond between D-
T4P and PEP catalysed by E. coli DAH7P(Phe) synthase. The colour of the reaction
product, a-formylpyruvate, appeared dark pink similar to that resulting from the assay
with DAH7P (Figure 2.9). The absorption of the product was detected at 549 nm. The
results indicate that D-DLH7P was present in the reaction product and therefore, an
aldehyde cosubstrate must have been present in the D-T4P mixture. It also is a

confirmation that the oxidative cleavage of D-Gal6P had been successful.

2.2.4. Coupled enzyme assay using DHQS and DHQase

After the generation of D-DLH7P from the D-T4P mixture and PEP in the enzyme
reaction, the product was observed to be an isomer of DAH7P by mass spectrometry
showing the same mass as was observed for DAH7P (287.013 for DAH7P; 287.0123

for D-DLH7P from D-T4P).

A coupled assay system using DHQS and DHQase was then used to detect DHQ

generation at 234 nm as described in section 2.1.3. However, no DHQ production was

observed after the addition of the two enzymes DHQS and DHQase.

Analysis of the mechanism of DHQS could explain the inability of D-DLH7P to act as a

substrate for DHQS. DHQS catalyses the cyclisation of DAH7P to give DHQ in the
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presence of both a divalent metal ion and NAD" (Figure 2.10)."* In the first step of this
reaction, oxidation of the C5 hydroxyl group of DAH7P takes place. The C5 hydroxyl
group is restored only after elimination of the phosphate to form the enol ether. As the
NAD'" oxidant only approaches the DAH7P substrate from one side in the active site of
DHQS, this enzyme reaction is highly stereospecific. [f D-DLH7P had been produced in
the DAH7P synthase reaction with D-T4P and PEP, it would not be expected to be a
substrate for DHQS as the C5 hydroxyl group is not in the correct configuration (Figure
2.15). Therefore, the negative result from this coupled assay test in combination with
the other results is consistent with D-T4P presence and D-DLH7P production. Perhaps
more significantly, this result indicates that the loss of PEP observed in the DAH7P
synthase reaction is not due to the presence of any D-E4P in the mixture, which may

potentially be formed by the epimerisation of D-T4P.

DHQS O
OH HO
Ny T e
-~ Q 2
/ ' OH H
OH ! !
NAD* NADH
(0-DLH7P)

Figure 2.15. Oxidation of D-DLH7P in the first step of the DHQS mechanism

2.3. Synthetic Strategies for the Preparation of D-T4P

Although the formation of D-T4P from D-Gal6P by lead tetraacetate oxidation has been
demonstrated, 19 % yield of D-T4P is clearly unsatisfactory, as a mixture of other

aldose phosphates is present in this reaction from the over- and under-oxidation (Figure
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2.13) of D-Gal6P. Due to that D-T4P cannot be purified from other aldose phosphates,
which might be interacting with the enzyme DAH7P synthase, we wanted to investigate
more fully whether the oxidation of D-Gal6P could be improved to give higher yields of
the desired D-T4P product. However, as D-Gal6P was no longer commercially available

after our initial experiments, a chemical synthesis of D-Gal6P was investigated.
2.3.1. Synthesis of D-Gal6P

The synthetic scheme was designed using D-galactose as a starting material to produce

D-Gal6P via D-galactose diacetonide (Figure 2.16).

0
H O O
HO 0\,-° acetone. HO = PO(OPh},C) PhO-}?—o/\/ -
., BTE . imidazole, OPh .
HO "OH a1 % 0 0 0 ‘0
o 85 % \J

EIOH,
PO, H,
100 %
0 0
HO-P-0 Oy-°H H,0, A HO-P-0 © "‘O><
H . .
O HO 'OH 100 % OH O :O
OH J\—o

Figure 2.16. Synthetic scheme for the preparation of b-Gal6P

D-Galactose was treated with acetone and boron trifluoride etherate (BTE) to give the

141

1,2:3,4-diisopropylidene D-galactopyranose (41 %).”" The modest yield could be due to

either an incomplete reaction or the loss of compound during purification. Although the
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41 % yield was not very satisfactory, the next step was carried out as the starting
material was relatively inexpensive. Following the protection of the hydroxyl groups,
the C5 hydroxyl group was phosphorylated using diphenyl chlorophosphate.
Hydrogenolysis and cleavage of the diacetonide gave rise to D-Gal6P with overall yield

of 35 %.

Hydrogenolysis was carried out in ethanol using a platinum catalyst and the progress of
the reaction was followed by thin layer chromatography (tlc). After the starting material
was completely consumed, the reaction mixture was filtered and the solvent was
evaporated. The D-diacetonide galactose 6-phosphate was then dissolved in water and
the solution was heated at 50 °C to cleave the acetal protecting groups. The deprotected
final product, D-Gal6P, was then lyophilised and used as a starting material for the

synthesis of D-T4P.

Due to the low yield (19 %) of D-T4P from over-oxidation by using 1.7 equivalent of
lead tetraacetate when using commercial D-Gal6P as previously observed, four reactions
were carried out that 0.85, 1.0, 1.3, or 1.5 of lead tetraacetate equivalents instead of 1.7
equivalent of lead tetraacetate. The yield of D-T4P was determined by using the E. coli
DAH7P(Phe) synthase-catalysed reaction following the loss of PEP at 232 nm as
described in section 2.1.3. The best yield was obtained with 1.5 equivalents of lead

tetraacetate (Table 2.2).

Table 2.2.
The vield of D-T4P from synthesised D-Gal6P using various equivalents of lead tetraacetate
Lead tetraacetate 0.85 equiv 1 equiv 1.3 equiv 1.5 equiv
Yield of D-T4P 11 % 20 % 225 % 40 %
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2.3.2. Synthesis of D-T4P from p-X5P

As the oxidative cleavage using lead tetraacetate had been successful for the preparation
of both D-E4P and D-T4P, it was considered that five-carbon sugars rather than six-
carbon sugars could be employed as alternative starting materials. Using five-carbon
sugars as starting materials involves the cleavage of one carbon rather than two carbons
to give rise to the desired four carbon products. As shown in Figure 2.11, there are four
five-carbon phosphorylated D-aldoses: D-ASP, D-R5P, D-X5P, and D-L5P. b-ASP and
D-RSP are potential starting materials for D-E4P, and D-X5P and D-L5P are possible
candidates for D-T4P production. Of these four compounds, only D-R5P and D-ASP are
commercially available. As D-R5P is relatively inexpensive compared to D-ASP and it
was available in our laboratory, D-R5P was chosen as a starting material to investigate
whether five-carbon phosphorylated sugars were indeed suitable starting materials for
the oxidative cleavage. D-RSP was oxidised by using 0.85 equivalent of lead tetraacetate
in order to produce D-E4P (Figure 2.17). After the oxidative cleavage, the mixture was
tested for D-E4P presence. These enzyme assays showed that D-E4P was successfully

synthesised with 64 % yield from D-R5P.

This success of the production of D-E4P from D-RSP prompted us to investigate the
possibility of the generation of D-T4P from five-carbon phosphate sugars. As neither D-
XS5P nor D-L5P was commercially available, the synthesis of D-X5P or D-L5P was
required. We chose to synthesise D-XSP as this synthesis had been previously reported
from the relatively inexpensive starting material, D-xylose. Additionally, D-X5P was

also useful for our investigations into the substrate specificity of KDOS8P synthase as
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described in chapter five. D-X5P was prepared from D-xylose with five steps in 22 %

overall yield. This preparation of D-X5P is described in more detail in chapter three.

CHO
CHO
H——OH OH O
Pb(OAC
H——OH ( )4 ::tOH ——— 2_OaF’O\A)LH
H—=-OH CHO(:PO > SH
CH,0POz%" 2
0-R5P D-E4P
CHO
H——OH CHO OH O
HO——H _ PblOAC) HO——H - 2—03Po\/H)J\
H——OH H ——OH H
CH,0PO2 CH50POZ> OH
D-X5P 0-T4P

Figure 2.17. Preparation of D-E4P from D-R5P and D-T4P from D-X5P by oxidative cleavage

With D-X5P in hand, various ratios of lead tetraacetate (0.85, 0.7, and 0.5 equivalents)
were used for its oxidation to D-T4P. However, none of these reactions produced any D-
T4P as analysed by enzyme assay following the loss of PEP at 232 nm. However, as we
only had access to limited starting material, D-X5P, and the successful synthesis of D-
Gal6P using D-galactose had already been completed, we decided not to investigate this
route further. As any product generated in this way would also be expected to be
contaminated with other sugar phosphates, it was considered that this oxidative
cleavage route was unlikely to give any significant improvement over the oxidation of

D-Gal6P.
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Although we had been successful in synthesising D-T4P from D-Gal6P, D-
glyceraldehyde 3-phosphate and D-LSP are likely contaminants of D-T4P from the over-
or under-oxidation of D-Gal6P, respectively. As it is very difficult to separate the D-T4P
from these side products, a more efficient synthesis of D-T4P was required. Therefore,
two alternative synthetic strategies for D-T4P preparation using two different starting

materials, 2,3-O-isopropylidene-D-threitol and diethyl tartrate, were investigated.

2.3.3. Synthesis of D-T4P using 2,3-O-isopropylidene-D-threitol

The use of 2,3-O-isopropylidene-D-threitol was investigated as a possible starting

material for the synthesis of D-T4P (Figure 2.18). In this synthetic plan, D-T4P and an

OH OH |

Ho D :
HO:P_O#\"O 32403PO
. < —
HO\\"“‘HO OH
threitol 4-
phosphate
PhO I
KK
HO _*~g
2,3-isopropylidene
D-threitol O
PhO. PhO. ||
PRO P - 0’\[0>< Pno-F- 0’\[ ><
Oxe™0

— _ Q l
oH O | HO.8 4
203P0\/|\l)|\ }_7 HO ’\[ ><

i
|
|
: D-T4P

Figure 2.18. Overall scheme of the synthesis of D-T4P and threitol 4-phosphate from 2,3-
isopropylidene D-threitol
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alternative compound, D-threitol 4-phosphate could be produced using similar
chemistry. This reduced version of D-T4P may also be an useful tool for investigating

the DAH7P synthase reaction.

The first step in this scheme was the monophosphorylation of 2,3-isopropylidene D-
threitol (Figure 2.19). Due to the symmetry of 2,3-isopropylidene D-threitol,
monophosphorylated products on either Cl or C4 hydroxyl group are identical.
Although phosphorylation of an alcohol has previously been carried out using excess of
the diphenyl chlorophosphate (about 1.4 equivalents), only one equivalent was used in
this case in order to minimise diphosphorylation. Regardless of this, diphosphorylated
product was still observed by tlc. The diphosphorylated product was isolated by column

chromatography to give 37 % yield.

Q O
HO PhO. 1 PhO . 1t
/\ED>< PO(OPh).CI, PhO-P=0"™-C PhO,P—O'TO
HO “imi ] f >< + —p- ><
—~— imidazole HO . 0 PhO—-P-O0_"~(¢
PhO )
2,3-isopropylidene 47 % 37 %

D-threitol

Figure 2.19. Phosphorylation of 2,3-isopropylidene D-threitol

Dess-Martin periodinane is an oxidising reagent used to oxidise a primary alcohol to an
aldehyde or a secondary alcohol to a ketone."” As the reaction using Dess-Martin
periodinane occurs under relatively mild conditions, this reagent was chosen for the
next step. Despite using three equivalents of Dess-Martin periodinane for this reaction,

a poor yield (22 %) of aldehyde product was obtained (Figure 2.20). The low yield
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might be caused by the Dess-Martin periodinane not being fresh or it may have been
due to the presence of excess acetic acid in Dess-Martin periodinane, which may cleave
the acetal group. However, despite this low yield, the next step, the protection of
aldehyde group, was carried out in order to determine whether this proposed synthetic

route to D-T4P was likely to be successful.

. O
PRO., .. Dess-Martin PhO.,
PhO P~ O’\E >< periodinane pho——F’ O’“\/O><
22 % OCxw~0

Figure 2.20. Oxidation of primary alcohol to aldehyde using Dess-Martin periodinane

The aldehyde was treated with triethyl orthoformate in the presence of acid (Figure
2.21)."” However, there was no indication of the formation of diethyl acetal, possibly
due to insufficient starting compound (only 32 umol used), too short a reaction time (1
hour), or cleavage of the other acetal under these conditions. As there was more success
with an alternative starting material (see section 2.3.5 below), this route was not

investigated any further.

O
PhO
- ‘\[ ><
=0 H,S0, EIO~0

OEt

Figure 2.21. Protection of aldehyde
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2.3.4. Preparation of D-threitol 4-phosphate

While D-threitol 4-phosphate would not be expected to be a substrate for DAH7P
synthase as it lacks the aldehyde functionality, it may be useful as a probe for the active
site of DAH7P synthase. The scheme investigated for the production of D-T4P in

section 2.3.3 could be readily adapted for the synthesis of this compound.

For the preparation of D-threitol 4-phosphate, phosphorylation of 2,3-isopropylidene D-
threitol was followed by hydrogenolysis to remove the phenyl protecting groups (Figure
2.22). Following hydrogenolysis, the acetal protecting group was removed by
dissolution in water and heating at 60 °C for about two hours to give the final product D-
threitol 4-phosphate (27 %) of a yellow powder. The product was then stored at -20 °C

until required for the future investigation.

O

PhO~E_q o) OH OH
PRO’ ’\[ >< 1. PtO,, Hy 2_O3PO
HO o 2.H,0

Pt
27 % OH

Figure 2.22. Preparation of D-threitol 4-phosphate

2.3.5. Synthesis of D-T4P from D-diethyl tartrate

Following the successful synthesis of D-threitol 4-phosphate, an alternative synthetic

scheme was devised for the synthesis of D-T4P using D-tartaric acid as a starting
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material (Figure 2.23). Using this scheme, D-T4P was successfully synthesised from D-

diethyl tartrate in seven steps with an overall yield of 12 %.

O OH O OBn OBn
EO OEt 1O OFt HO OH
OH O OBn O OBn
D-diethyl tartrate I
o OBn o OBn OBn
T OCH, I £P g
PhO-P-0 —_— PhO-F-0 ———  PhO-P-O OH
OPh  OBn OCH, OPh  OBn OPh  0Bn
0 OH e} OH
0
HO-P-0 OCHs _____ Ho-P-0 Z
OH  OH OCH; OH  OH
0-T4P

Figure 2.23. New synthetic scheme for D-T4P starting with D-diethyl tartrate

The two hydroxyl groups of D-diethyl tartrate were first protected by benzylation using

benzyl bromide and silver oxide with a 97 % yield (Figure 2.24).'* %

O OH O OBn
OEt Ag,0, BnBr, reflux EO

OH O 97 % OBn O

EtO OEt

Figure 2.24. Benzylation of D-diethyl tartrate

Dibenzyl-D-diethyl tartrate in ether was then reduced using dry lithium aluminum

hydride (LAH) to give the diol in a 76 % yield (Figure 2.25)."*"'* Care with LAH had
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to be taken during this reaction as LAH reacts very vigorously with water. LAH was

added very slowly into the reaction mixture at O °C and the mixture was then refluxed.

O 0Bn OBn
EtO)WOEt LiAH,, ether, reflux HO/%/OH
OBn O 76% 0Bn

Figure 2.25. Reduction of dibenzyl-D-diethyl tartrate using LAH

Monophosphorylation (48 %) was followed by oxidation using the Dess-Martin

periodinane to give the phosphorylated aldehyde (87 %, Figure 2.26)."*

OBn PO(OPh),CI, 0 Qen Dess-Martin 0 S
HO/\H\/OH imidazole PhO _I'_;; —O/YK/OH perlodlilane PhO—!?—O/\l/ké
OBn 48 % OPh  OBn 87 % OPh  OBn

Figure 2.26. Monophosphorylation and oxidation of primary alcohol

The aldehyde group that resulted from the oxidation was then protected as the dimethyl
acetal using trimethyl orthoformate (76 %, Figure 2.27)."* The phenyl esters were
removed by hydrogenolysis with H, over platinum in methanol. The acetal protecting
group was removed by dissolution in water and stirring at room temperature for two
days to give rise to the final product D-T4P (51 %, Figure 2.28). The D-T4P was kept in

water frozen at -80 °C.
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Figure 2.28. Hydrogenolysis and deprotection for the formation of D-T4P

L.-T4P was synthesised using the same method as described above for the synthesis of
D-T4P from L-diethyl tartrate as the starting material. Similar yields (10 % overall yield)

and identical spectra were obtained.

2.4. Conclusion

Following the success of synthesis of D-E4P in 73 % yield from D-Glu6P using the
standard literature procedure, this procedure was adapted for the synthesis of D-T4P
from D-Gal6P. D-T4P was synthesised via lead tetraacetate oxidative cleavage of D-
Gal6P. The D-T4P was identified and quantified by enzymatic reactions catalysed by
either transaldolase or DAH7P synthase. The yield of the initial oxidation reaction of D-
Gal6P was determined to be around 19 %. This low yield appears to be due to
substantial over-oxidation to D-glyceraldehyde 3-phosphate. This over-oxidation may

result from the presence of a second cis-diol between C3 and C4 in the D-
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galactopyranose phosphate starting material, which is rrans configuration in the D-
Glu6P form. The low yield of the D-T4P and the presence of other aldehyde phosphates
in the product mean that this preparation of D-T4P was not particularly satisfactory for
undertaking enzyme kinetic studies. Additionally, after completing these initial studies,

it was found that the D-Gal6P was no longer commercially available.

D-Gal6P was synthesised from D-galactose in order to repeat the initial studies of the
synthesis of D-T4P using D-Gal6P. D-X5P, a five-carbon phosphorylated sugar, was also
synthesised to investigate whether one-carbon cleavage was more efficient than two-
carbon cleavage from D-Gal6P. However, although D-X5P was successfully
synthesised, there was no sign that D-T4P was prepared from D-X5P by lead tetraacetate
oxidation. This is possibly due to the small scale that this reaction was carried out on.
With the unsatisfactory yield and the requirement to synthesise the starting material, the
oxidative cleavage of D-XSP using lead tetraacetate was not an ideal route for D-T4P

generation.

To overcome the problem with oxidative cleavage, a more efficient synthesis of D-T4P
was designed from either 2,3-O-isopropylidene-D-threitol or D-diethyl tartrate.
Unfortunately, D-T4P was not produced from 2,3-O-isopropylidene-D-threitol due to the
inability to protect the aldehyde group on 2,3-O-isopropylidene-D-threitol 4-phosphate.
However, by modifying this route, D-threitol 4-phosphate was synthesised, which may

be useful as a probe for the active site of DAH7P synthase.

D-T4P was prepared from D-diethyl tartrate in 12 % overall yield. L-T4P was also

synthesised from L-diethyl tartrate employing the same method. The detailed study of
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the interaction of D- and L-T4P with E. coli DAH7P synthase and P. furiosus DAH7P

synthase is described in chapter four.
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Chapter Three

PREPARATION OF p-ARABINOSE 5-PHOSPHATE AND ITS
ANALOGUES

3.1. Preparation and Studies of Substrate Analogues of Five-Carbon
Sugars

Structural changes to four-carbon monosaccharide phosphate substrates were described
in chapter two. This chapter describes the preparation of five-carbon phosphorylated
monosaccharides. The interaction of the compounds with KDOS8P synthase and DAH7P

synthase is discussed in the following chapters.

3.1.1. Previous studies with substrate analogues of b-ASP

While DAH7P synthase is known to be able to utilise five-carbon sugars as well as four-
carbon sugars to produce KDO8P,”™ KDOS8P synthase appears to be much more

%3 Four- and five-carbon phosphorylated sugars have

specific in its substrate selection.
been examined as substrates and only natural substrate D-ASP and 2-deoxyRSP were
found to be alternative substrates for E. coli KDOS8P synthase, whereas D-R5SP did not
appear to be a substrate for the enzyme.**”'® This has provided some insight into the
role of the C2 hydroxyl group of the monosaccharide in the condensation reaction since

the configuration of the C2 hydroxyl group of D-R5P is opposite to that of D-AS5P and 2-

deoxyRSP completely lacks the C2 hydroxyl group of D-ASP and D-RSP.
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Whereas the importance of the C2 hydroxyl group stereochemistry of D-ASP for
KDOSP synthase has been investigated, the importance of the correct stereochemistry at
C3 and C4 has not been studied. In early studies, 3-deoxyASP was prepared and was
shown to be neither substrate nor inhibitor for E. coli KDOS8P synthase.™ On the other
hand, 4-deoxy ASP was shown to be a substrate for this enzyme.'"' D-X5P (C3 epimer of

5! However, no

D-ASP) has also been shown not to be a substrate over four decades ago.
evidence or data were provided to support this result. Since then, any further
investigations for the interactions of the compounds with the alternative configuration
of the hydroxyl group at C3 or C4 have not been reported. This lack of information led
us to investigate the preparation of alternative diastereoisomers of D-ASP (Figure 3.1).
These compounds were prepared by a combination of chemical and enzymatic
syntheses and were examined as substrates for N. meningitidis KDOS8P synthase. This

series of analogues have allowed us to investigate the influence of the hydroxyl group

configurations at C2, C3, and C4 on the KDOS8P-synthase reaction.

CHO i CHO : CHO
H——OH . HO <4—H ' H 4—OH
H 4 OH , H—4—0H HO——H
H——OH ! H——OH : H——OH
CH, 0P ! CH,OPO,2% CHZOPO3%
D-R5P ! 0-A5P D-X5P

CHO CHO

HO —~1~H HO——H

H—~OH Ho] H

HO——H H—JEOH

CH,0P0,% CH,0P0,2-

L-X5P D-L5P

Figure 3.1. Phosphorylated pentoses. D-A5P (boxed) is the natural substrate of KDO8P
synthase
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3.1.2. Previous preparation of D-A5P
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. ]
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OH

OH
D-arabinose 5-(dilithium phosphate)

Figure 3.2. Synthetic method for the preparation of D-A5P. Taken from Maehr and Smallheer.’®

Although D-ASP is commercially available, it is a relatively expensive compound
(about USD 10°mol). Both enzymatic and chemical syntheses of D-ASP have been
previously reported.'” ' In early studies, D-ASP was prepared synthetically from either
oxidative cleavage of D-Glu6P by lead tetraacetate or by synthesis from D-arabinose
with polyphosphoric acid.”” D-ASP was also chemically synthesised by Maehr and
Smallheer in 1978 using D-arabinose dipropyl dithioacetal as a starting material (Figure

3.2)."” D-AS5P (89 % yield) has enzymatically been synthesised from D-arabinose using

77



Chapter Three PREPARATION OF p-A5P AND ITS ANALOGUES

two enzymes, hexokinase (EC 2.7.1.1) and pyruvate kinase (EC 2.7.1 1.2)." In this
coupled enzyme system, hexokinase catalyses the generation of D-ASP from D-
arabinose using a catalytic amount of ATP. ATP is generated from ADP by the

conversion of PEP to pyruvate catalysed by pyruvate kinase (Figure 3.3)."™

HO 2-0,P0

O\OH hexokinase O\OH
""\\\
OH ATP 3 OH
OH ADP OH
-
D-arabinose \ — Pyruvate D-A5P
Akinase
*
pyruvate PEP

Figure 3.3. Enzymatic synthesis of D-A5pP "%

As the enzymatic synthesis is a most commonly employed and convenient method, this
route was chosen for D-ASP production. This chapter describes the synthesis of D-A5P
and D-LSP from D-arabinose and D-lyxose, respectively, employing this method. D-X5P

and L-X5P were also synthesised chemically using D-xylose and L-xylose, respectively.

3.1.3. Preparation of D-A5P

As the coupled enzyme system using hexokinase is known to be the simplest and easiest
procedure as described above,'” this route was adopted for the preparation of D-ASP.
To prepare D-ASP, PEP, ATP, MgSO,, and KCI were added to a solution of D-arabinose
in water and the pH of the solution was adjusted to pH 7.65 with IM NaOH. The

reaction was initiated by the addition of pyruvate kinase and hexokinase. The reaction
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progress was followed by >'P NMR spectroscopy and complete loss of the PEP from the

reaction mixture was observed after 48 hours (Figure 3.4).
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Figure 3.4. Enzymatic formation of D-A5P followed by *P NMR. The reaction was performed at
pH 7.6 and at room temperature.
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The impure D-ASP was purified using a SourceQ™ anion exchange column. D-ASP was
eluted using a 0-1 M NH,HCO, gradient and fractions containing D-ASP identified by
enzymic assay with N. meningitidis KDOS8P synthase (see chapter five), were pooled

and lyophilised giving D-A5P (95 %).
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3.1.4. Preparation of D-L5P

As D-arabinose could be readily phosphorylated using hexokinase, this prompted us to
investigate whether D-lyxose might also be a substrate for hexokinase. This was
preferable to embarking on a multi step synthesis that would require various protecting

and deprotecting steps.

According to the studies on the substrate ambiguity of hexokinase, it has been shown
that hexokinase catalyses the phosphorylation of D-mannose as effectively as D-glucose,
the natural substrate of hexokinase.'”'* However, D-galactose was not a substrate for
the enzyme, suggesting that hexokinase is highly tolerant of configurational changes at
C2 and C3 of D-glucose but less tolerant to changes at C4.""'® Whereas hexose sugars
have been well studied as substrates for hexokinase, the phosphorylation of pentose
sugars is less well studied. In 1986, Michalcacova et al. reported that five-carbon sugars
(D- and L-arabinose, D- and L-ribose, D- and L-xylose, and D- and L-lyxose) were not
substrates of yeast hexokinase.'® However, it was demonstrated in 1988 that D-
arabinose was a substrate for the enzyme and D-ASP was synthesised using the coupled

enzyme reaction described in section 3.1.2."*!%

No other five-carbon sugars have been
reported to be phosphorylated by hexokinase, other than D-arabinose. It was considered
possible that the method used for the preparation of D-ASP could be adapted for D-L5P

preparation although D-lyxose has an inverted configuration at C3 relative to D-

arabinose (Figure 3.1).

Using the same method used for D-ASP preparation, PEP, ATP, MgSO,, and KCI were

added to a solution of D-lyxose in water, and then the pH of the solution was adjusted to
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7.65 using 1M NaOH. Both hexokinase and pyruvate kinase were added to initiate the

reaction, which was followed by *'P NMR spectroscopy. After 29 hours, evidence for
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Figure 3.5. Enzymatic formation of D-L5P followed by *'P NMR. The experiment was performed
at pH 7.6 and at room temperature.

D-L5P was observed in the *’P NMR spectrum, indicating that D-L5SP could be
generated from this coupled enzyme reaction (Figure 3.5). However, to complete the
phosphorylation of D-lyxose, more than three times the amount of hexokinase and

pyruvate kinase were required and the reaction took 3.5 times longer than the
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phosphorylation of D-arabinose (Figure 3.5). Thus, although D-lyxose does appear to be

a substrate, it is a considerably poorer substrate of hexokinase than D-arabinose.

Analysis of the stereochemistry may explain that D-arabinose is a better substrate for
hexokinase than D-lyxose. It has been found that hexokinase reacts well with sugar
compounds that have the same configuration at C3 and C4 as D-glucose, the natural
substrate of hexokinase.'* D-Arabinose has same hydroxyl group configuration at both
C2 and C3 to C3 and C4 hydroxyl groups of D-glucose. On the other hand, the
configuration of the hydroxyl group at C2 of D-lyxose is same as C3 hydroxyl group of
D-glucose but C3 hydroxyl group of D-lyxose has the opposite configuration to C4
hydroxyl group of D-glucose. This may explain why D-lyxose was observed to be a

poorer substrate for hexokinase than D-arabinose.

To remove the enzymes from the D-L5P mixture after phosphorylation was complete,
the solution was filtered through a molecular weight cut off device and the impure D-
L5SP in the filtrate was purified using a SourceQ™ anion exchange column. Fractions
containing D-LSP were confirmed using Bial’s reagent, an established method for the
detection of pentoses.'®'®> When the purified fractions were tested with Bial’s reagent,
a green colour appeared where D-LSP was present. Fractions that contained D-L5P were

then pooled and lyophilised, giving D-L5P (84 %).

3.1.5. Preparation of D-X5P and L-X5P

As mentioned in chapter two, D- and L.-X5P were prepared in order to investigate their

usefulness as starting materials for the production of D- and L.-T4P. Additionally, these
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five-carbon phosphorylated sugars that have alternative stereochemistry to D-ASP are
potentially useful alternative substrates for DAH7P or KDOS8P synthases in their own
right.

D-XS5P has the opposite configuration at C2 and C3 (Figure 3.1) as compared to D-ASP.
.-X5P, on the other hand, has the same C2 and C3 configuration to D-ASP but is
inverted at C4. In early studies, D-X5P was examined with E. coli KDOS8P synthase and
was found not to be an alternative substrate of the enzyme.151 However, no further
investigation has been carried out on the role of C2 and C3 hydroxyl groups with this
enzyme. This lack of information on the stereospecificity with KDOS8P synthase
encouraged us to prepare D- and L.-X5P to investigate the tolerance of the enzyme to
configurational change at C2, C3, and C4. Both D-X5P and 1.-X5P were prepared using
the same sequence of reactions but with different starting materials, D-xylose for D-X5P
and L.-xylose for .-X5P.

The preparation of D-XSP is a straightforward synthetic route (Figure 3.6).'°'"
Treatment of D-xylose with acetone gave the 1,2:3,5-bisacetonide. Selective removal of
the 3,5-acetonide with dilute hydrochloric acid gave the corresponding 3,5-diol. The C5
hydroxyl group was then selectively phosphorylated and the phenyl esters were
removed by hydrogenolysis. In order to give unprotected D-X5P, the partially protected
D-XSP was dissolved in water and was heated at 50 °C to remove the 1,2-acetonide.
This aqueous solution containing D-X5P was then lyophilised to give D-X5P in 22 %
overall yield as analysed by the loss of PEP at 232 nm at 25 °C with E. coli

DAH7P(Phe) synthase.
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Figure 3.6. Synthesis of D-X5P

L-X5P was also prepared from L-xylose by adopting the same method. L.-X5P was
obtained with 13 % overall yield. The presence of this compound was detected by
monitoring the loss of PEP at 232 nm at 30 °C with N. meningitidis KDOS8P synthase.
More details of how D- and L-XS5P interact with E. coli DAH7P synthase and N.

meningitidis KDOSP synthase are provided in chapter five.
3.2. Summary

D-ASP and its stereoisomer, D-LSP, were successfully prepared using hexokinase
catalysed phosphorylation. The formation of D-ASP and D-L5P was observed by *'P
NMR spectroscopy. The reaction time of D-lyxose was slower than that of D-arabinose,
suggesting that D-lyxose might be a poorer substrate for hexokinase than D-arabinose.
The D- and L-X5P were generated synthetically from D-xylose and L-xylose,

respectively.
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Chapter Four

INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION
WITH 3-DEOXY-D-ARABINO-HEPTULOSONATE 7-PHOSPHATE
SYNTHASES USING PHOSPHORYLATED MONOSACCHARIDE
ANALOGUES

This chapter describes how diastereomers of the natural substrate D-E4P interact with E.
coli and P. furiosus DAH7P synthases. The synthetic routes that gave rise to these

diastereomers were described in chapter two.

4.1. Stereospecific Reaction of Five-Carbon Sugars with E. coli
DAH7P(Phe) Synthase and P. furiosus DAH7P Synthase

As discussed in section 1.2.5, the comparison of sequences and structures has revealed
that the subfamily 16, DAH7P synthases are more closely related to the subfamily 18y
KDOSP synthases than to the 18 subfamily of DAH7P synthases.”* P. furiosus DAH7P
synthase is from the 18, subfamily and it has been shown that this is likely to be the
most closely related DAH7P synthase to the 18, subfamily yet characterised due to its
lack of feedback inhibition, its requirement for a divalent metal, and its broad substrate

specificity.™

Prior to the commencement of these studies, some limited substrate specificity studies
had been reported. It was shown that E. coli DAH7P(Tyr) synthase was able to accept

phosphonate analogues of D-E4AP as substrates.*'** A range of commercially available
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five-carbon-sugars, D-R5P, D-ASP, and 2-deoxyR5P have been tested.” This study
showed that these compounds acted as alternative substrates of E. coli DAH7P(Phe)

synthase and the products of the enzymatic reaction were characterised.

During the course of the studies described in this thesis, P. furiosus DAH7P synthase
was characterised functionally and structurally.”” Also, in parallel studies, 2- and 3-
deoxyE4P were synthesised and tested as substrates for E. coli and P. furiosus DAH7P
synthase by another PhD student, Amy Pietersma within our laboratory.”**"® The
findings of these studies have direct bearing on the results presented in this thesis and

will be presented and discussed in detail in chapter six.

Although a number of studies of the substrate specificity of DAH7P synthase have been
reported, the tolerance of DAH7P synthase to configurational changes at C2 or C3 of
natural substrate D-E4P has not been studied previously. Additionally, it has been
reported that the C2 epimer of D-ASP, D-R5P (with E4P-like C2 configuration) is not a

.85.125
8383125 As we are

substrate for the KDOS8P synthases from E. coli and A. aeolicus.
interested in the relationship between DAH7P synthase and KDOS8P synthase, this

observation led us to examine substrate specificity and how important the C2 or C3

configuration is for DAH7P synthase.

4.1.1. Enzymatic reaction of D-T4P and L-T4P with E. coli DAH7P(Phe)
synthase

D-T4P was synthesised from either D-Gal6P or D-diethyl tartrate, and L-T4P was
synthesised from L-diethyl tartrate as described in chapter two. The synthetic D- and L-

T4P were tested as alternative substrates for E. coli DAH7P(Phe) synthase in a simple
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UV assay system. All assays were performed in 50 mM BTP buffer (pH 6.8) and at 25
°C. All buffers and solutions were Chelex-treated, and the enzymic reaction was
initiated by the addition of the purified E. co/i DAH7P(Phe) synthase. The progress of

the reaction was monitored by the loss of PEP at 232 nm.

When the D- and L.-T4P were incubated with E. coli DAH7P(Phe) synthase in the
presence of PEP and Mn*, a time-dependent loss of absorbance at 232 nm was
observed. The magnitude of the absorbance decrease and the rate were proportional to
the amount of aldehyde substrate added and to the enzyme concentration, respectively.
In order to confirm that PEP loss was connected to both the consumption of D- and L-
T4P and to the generation of new seven-carbon sugars, the seven-carbon products, D-
DLH7P and 3-deoxy L-xylose-heptulosonate 7-phosphate (1.-DXH7P) from D- and L-
T4P, respectively, were prepared on a larger scale. The D-DLH7P and 1.-DXH7P were
then tested with thiobarbituric acid following cleavage with periodate as described in
section 2.2.3. This gave a pink colour consistent with the formation of the 3-
deoxyaldulosonic acids. Based on these observations, it appears that E. coli
DAH7P(Phe) synthase tolerates configurational changes at C2 or C3 of natural substrate

D-E4P.

4.1.1.1. Determination of kinetic parameters of D-T4P and L-T4P with E.
coli DAH7P(Phe) synthase

Kinetic parameters for D- and L.-T4P were determined by monitoring the loss of PEP as
observed at 232 nm. The reaction mixtures, without enzyme were incubated at 25 °C for
S minutes prior to initiation and the reaction was initiated by the addition of the purified

E. coli DAH7P(Phe) synthase. The consumption of PEP was monitored and initial rates
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were recorded. The steady state kinetic parameters were calculated by fitting data to the
Michaelis-Menten equation using Enzfitter® (Biosoft, v 2.0). The Michaelis-Menten

plots from which these values were calculated are shown in Figure 4.1. A summary of

the calculated kinetic parameters is shown in Table 4.1.

Figure 4.1. Michaelis-Menten plots for the determination of Ky and k. for (a) D-T4P and (b) L-
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Table 4.1.
Kinetic parameters of D-T4P and L-T4P with E. coli DAH7P(Phe) synthase
D-E4P? D-T4P® L-T4P¢
K" (uM) 20+£0.2 13«1 9+0.1
K, morosechande (y M) 39+4 390+ 13 750+ 10
ke (s7) 26+ 2 25=0.1 1.5+0.1
i monosaccharide
Kear ! K 670 8 10° 6 8 10° 25 10°

(s'/uM)

® The kinetic parameters were determined by Dr L. Schofield.”

® D-T4P synthesised from D-diethyl tartrate was chosen to avoid contaminants from the oxidation that might
affect the kinetic results. The kinetic parameters were determined at a concentration of 112 uM of PEP.

“ The kinetic parameters were determined at a concentration of 126 uM of PEP.

As the kinetic data show, the K|, values for both D- and 1.-T4P were observed to be at
least an order of magnitude higher than that observed for the natural substrate D-E4P.
The value for L.-T4P was even higher, indicating that this compound does not have as
high an affinity for the enzyme. The k., values found when either D- or L.-T4P were
used as substrates were about an order of magnitude lower leading to specificity
constants approximately two orders of magnitude lower than those found for this
enzyme when using D-E4P. In addition, the specificity constant for L-T4P is
approximately three times lower than that for D-T4P, suggesting that 1.-T4P is a poorer

substrate than D-T4P for E. coli DAH7P synthase.
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4.1.2. Enzymatic reaction of D-T4P and L-T4P with P. furiosus DAH7P
synthase

Synthetic D-T4P and .-T4P were also tested as alternative substrates for P. furiosus
DAHT7P synthase. P. furiosus is a hyperthermophile found in deep-sea hydrothermal
vents. The expression, purification, and characterisation of P. furiosus DAH7P synthase
were carried out by Dr Linley Schofield from our group.” As P. furiosus has an
optimum growth temperature of 100 °C, activity assays of P. furiosus enzyme should
ideally be done close to this temperature. However, due to instability of substrates at
higher temperatures, 60 °C was chosen for activity assays. The pH of the buffer was
adjusted at 60 °C to pH 6.8. The extinction coefficient of PEP at 60 °C was determined

tobe 2.6 8 10° M cm™ at 232 nm.”*

All assays were performed in S0 mM BTP buffer (pH 6.8) at 60 °C. All buffers and
solutions were Chelex-treated and all assays were initiated by the addition of four-
carbon monosaccharide, D- or L.-T4P. The reaction was monitored by the loss of PEP at
232 nm. The loss of absorbance in these assays indicated that both D- and 1.-T4P were

accepted as alternative substrates to D-E4P by P. furiosus DAH7P synthase.

4.1.2.1. Determination of kinetic parameters of D-T4P and L-T4P with P.
furiosus DAH7P synthase

For the determination of kinetic parameters for D- and L-T4P with P. furiosus DAH7P
synthase, the modified continuous assay was used.” Initial rates of the assay with the
enzyme were recorded and steady-state kinetics parameters were calculated using

Enzfitter® (Biosoft, v 2.0). The Michaelis-Menten plots from which these values were
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calculated are shown in Figure 4.2. A summary of the kinetic parameters is given in

Table 4.2.

(a) D-TaP

Rate (Mmol/min)
0.05

0.04
1/Rate
90.0
80.0
0.03 . 70.0
60.0
so.0
a0.0
0.02 30.0
- =
20.0!
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1/[D-T4P)

0.01

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
[D-T4P] pM

(b) L-T4P

Rate (umoil/min)
0.20

0.12 40.0

0.10 ¥ Ly

0.08

0.06 . -

00 01 02 03 04 05 06 07 08 09 10
UIL-TaP)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
[L-TaP] pM

Figure 4.2. Michaelis-Menten plots for the determination of Ky and ks for (a) D-T4P and (b) L-
T4P with P. furiosus DAH7P synthase

Ass the values show, it is clear that D- and L-T4P are alternative substrates for P. furiosus
DAHT7P synthase. In addition, the K, values for D- and L-T4P with P. furiosus DAH7P

synthase are more than one order of magnitude lower than those for D- and L-T4P with
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E. coli DAH7P(Phe) synthase, and closer to the K, value for D-E4P. This suggests that
D- and L-T4P are better substrates for P. furiosus DAH7P synthase than for E. coli

DAH7P(Phe) synthase.

Table 4.2.
Kinetic parameters of D-T4P and L-T4P with P. furiosus DAH7P synthase
D-E4P* D-T4P° L-T4P*
K PEP M
o (M) 93 +9 131 15« 1
K monosaccharide M
2 M) 9 20 | 4723
ke (57
1.4+0.1 24 +0.1 40 =0.1
k / K monosaccharide
Al M 1608 10° 1108 10° 858 10°

(s'/uM)

° The kinetic parameters were determined by Dr L. Schofield.”

® D-T4P synthesised from D-diethy! tartrate was chosen to avoid contaminants from oxidation that might
affect the kinetic results. The kinetic assays were determined at a concentration of 458 uM of PEP.

¢ The kinetic parameters were determined at a concentration of 63 uM of PEP

4.2. Enzymatic Synthesis of DAH7P and Its Analogues

In order to establish that an aldol-like reaction was involved and that the D-E4P isomers
used by DAH7P synthase led to DAH7P isomers, a large-scale enzyme reaction was
performed to generate sufficient products for characterisation (Figure 4.3). Although
both D- and L-T4P are alternative substrates of both E. coli and P. furiosus enzymes, E.
coli DAH7P(Phe) synthase was used for the large-scale enzyme reaction due to

instability of D-T4P and 1.-T4P at60 °C.
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OH O OH op032—-
I HO GOF
OH
0-T4P
D-DLH7P
- OPO3%"
; O,
z_oapo\/k/J\H E. coliDAH7P(Phe) synthase Hag&/eo;
OH Pl G OH
H”  TOPOs
D-E4P PEP DAH7P

OH O Ho’mor
2 : HO COy
04P0. AN, g 2

= 2
OH 03PO OH

LT4p L-DLH7P

(b)
ol © N. meningitidis KDO8P synthase
-0 PO/\MH =
3 E H CO
OH OH )
H OPO42-
D-A5P PEP

Figure 4.3. Generation of (a) DAH7P and its analogues from four-carbon substrates and PEP
using E. coli DAH7P(Phe) synthase, and of (b) KDO8P from D-A5P using N. meningitidis
KDOB8P synthase. Products are shown only in the 6 -pyranose form for clarity.
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4.2.1. Large-scale syntheses and purification

For the generation of DAH7P, D-DLH7P, and L-DXH7P, the aldose phosphate co-
substrate, PEP, and MnSO, were added to reaction mixtures and the pH was adjusted to
pH 7. The reactions were initiated by the addition of enzyme and the loss of PEP was

monitored at 270 nm. A higher wavelength than the §,_,, for PEP was used to keep the

max

absorbance measurements within the linear range of the spectrophotometer.

After the loss of PEP had ceased, the enzyme was removed by ultracentrifugation. The
products were then purified by anion-exchange chromatography (SourceQ™,
Amersham) eluting with an ammonium bicarbonate gradient. The fractions were tested
with thiobarbituric acid assay to identify the presence of DAH7P, b-DLH7P, and L-
DXH7P. Fractions that tested positive in this test were then pooled, lyophilised, and
stored in the freezer at -80 °C prior to NMR and mass spectral analysis. Products were
analysed by high resolution ESI (negative ion mode). The spectra showed peaks with
the same mass as DAH7P (287.013 for DAH7P; 287.0123 for D-DLH7P; 287.0168 for
L-DXH7P), indicating that the products formed by reaction of PEP with the D- or L-T4P

mixtures are isomers of DAH7P.

As shown on Figure 4.4, the 'H NMR spectra of the products were difficult to analyse
as expected due to the presence of more than one anomer of the products. Therefore, the
spectra were assigned by comparison to the data reported for DAH7P and
KDOS8P.7*%!1%1% Eor comparison, DAH7P and KDOS8P were also prepared by the

enzymatic reaction using E. coli DAH7P(Phe) synthase with PEP and D-E4P and using

94



G6

(a)

0PO,?
0
H rd
%o%,,oo2
OH
DAH7P
T ] T T T T | T . 5 T T j i ] T T T ' T B i T T I i o ¢ : fie I T T 1
40 35 3.0 25 2.0 15 [ppm]

L

T T T T T T T T T T T T T T T T T T T T T T T T T T T =T T T

4.0 35 3.0 25 2.0 1.5 [ppm]

Figure 4.4. 'H NMR spectra of purified (a) DAH7P and (b) KDO8P. The structures of seven- and eight-carbon sugars are
only shown in -pyranose forms for clarity.
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Figure 4.4 continued. '"H NMR spectra of purified (c) D-DLH7P and (d) L-DXH7P. The structures of seven- and eight-
carbon sugars are only shown in 6-pyranose forms for clarity.

1no4 18)dey)

S3ASVHINAS dZHVA HLIM NOILOVIY OI4103dS-IWAZNT FHL OLNI NOILYOILSIANI




Chapter Four INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH7P SYNTHASES

N. meningitidis KDOS8P synthase with PEP and D-ASP. Purified DAH7P and KDOS8P
were also analysed by high-resolution ESI and NMR spectroscopy and the results
showed the expected masses (287.013 for DAH7P; 317.0277 for KDO8P) and spectra
(Figure 4.4) to the reference compounds.”**'%®'® The spectra of D-DLH7P and L-
DXH7P were assigned by comparison to the DAH7P and KDOS8P spectra. An NMR
software prediction program (ACD/NMR predictor software, v.8.10) was also used to

check assignments.

The major ring isomer of DAH7P is the &-pyranose form. The 'H NMR spectrum of
DAH7P showed clearly two major peaks at 1.71 and 2.09 ppm (Figure 4.4)
corresponding to the two geminal protons at C3 (Figure 4.5). The coupling constants of
13.2 and 13.2 Hz from the 1.71 ppm peak, and 13.2 and 5.6 Hz from the 2.09 ppm peak
showed that these represent H;,, and H,,,, respectively (Figure 4.6). The interpretation is
consistent with both NMR prediction and the other published assignments for
DAH7P." This can be used as a reference of H,, and H;, position to pyranose ring
form of other seven- or eight-carbon ring compounds. Other small peaks in the
spectrum of DAH7P are attributed to the presence of small amounts of the d-pyranose

and & - and &-furanose forms of DAH7P.
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Figure 4.5. COSY spectra of (a) bD-DAH7P and (b) KDOB8P showing geminal and vicinal
couplings

98



Chapter Four INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH7P SYNTHASES

(c)

_M ) M l
— rE
I &
&

3
9 : -5
Lo
o
3

)
L]

= —o—r—j T T T T e

a0 3.5 3.0 25 20 F2 [ppm]

(d)
A M § T ll ll'l '

A I F
vor g
a

3 g '" : i

\ ﬁ\t g}.‘ { I

1] 31 &) ! i

:; i

(i) ¥ f H

! i ik ) I
1] ' (‘ ¥ { ;, _:

H H ] | :
[ o
©
!x;l ﬂt 4 £ _3

; fv* f [
i ¥ o) | o
Lg% g ) i Y s

£ i '{Z ( w F

! 7 @) Q I
1‘?) b 1*1(9 8] §]2] P ;3

L L . ) R ! e e e T e o o e o s e e o o e e B ma s el

a5 40 35 3.0 25 20 F2 [ppm]

Figure 4.5 continued. COSY spectra of (c) L-DXH7P and (d) D-DLH7P showing geminal and
vicinal couplings
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(@) (b)
01101
COQ_
J11.8
Hyeg OH
0 2.09

Figure 4.6. Assignment of H3 protons of (a) 6 -pyranose and (b) 6-pyranose of DAH7P. &: ppm;
J: Hz

The key difference between KDO8P and DAH7P that is expected to influence anomer
distribution is the alternative configuration at CS. This decreases the stability of the 6 -
pyranose relative to alternative 6-pyranose, and 0 - and 6-furanose forms of KDOSP.
Consequently, in the spectrum of KDOSP, four sets of geminal protons are observed

between 1.5 and 2.8 ppm (Figure 4.5).

Somewhat confusingly, the KDO8P 'H NMR spectrum has been assigned in a number

7996.1071% | these analyses, the assignments

of different ways in the published literature.
for the 8- and &-pyranose forms are consistent; however, there appears to be some
disagreement regarding the assignment of the furanose forms. Baasov and Jacob, and
Kohen er al. assigned the two peaks at 1.9 and 2.4 ppm to the H3 protons of the &-
furanose form, and the 2.12 and 2.2 ppm peaks to the H3 protons of the d-furanose form

(Table 4.3).°*'”” Dotson et al. assigns these peaks the other way around (Table 4.3).'®
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Table 4.3.

The assigned C3 protons ofthe 4- and 6-isomers of KDO8P from 'H NMR chemical shifts with
coupling constants given in brackets

Pyranose furanose
Reference o) )
(J/ Hz) (JHz)
d -pyranose d-pyranose o -furanose d-furanose
. 2—
HO_ OPOSZ_ HO_ OPOSQ— OP032 OPO3
E OH OH OH
OH OH
HO 2 COz~ HO OH 0.CO, 0.OH
_ H H
CO; ! or
H H y i H H H H
D 108 3cq 3ax 3ax 3eq 3ax 3cq 3ax 3e
disein 1.7 1.8 1.6 212 215 22 1.9 2.4
(145.30)  (145.7.5)
Baasov
and ‘IaCOb’% chq Hla\ H_m\ chq Hlu\ H}cq HSa\ chq
1.7 1.76 1.58 2.15 2.4 1.89 2.12 2.2
Kohen'"” (134.66)  (13.4.129) | (134,124 (134.56) | (142.72) (142.32) | (133,700 (13.4.7.0)

In another analysis, Sheflyan er al. assigned the peaks at 2.24 and 2.33 ppm correspond

to the H3 protons of an undefined furanose form and the peaks at 2.02 and 2.52 ppm to

H3 protons of a lactone form of KDOSP.” Due to the problems in the assignment of & -

and d-furanose forms in the published spectra of KDO8P, NMR prediction software

was used to help assigning the furanose forms. However, the NMR prediction software

(ACD/NMR predictor software, v 8.10) did not distinguish between 8- and d-forms,

predicting a pair of peaks at 1.78 and 2.16 ppm for pyranose forms, and at 2.04 and 2.52

ppm for furanose forms. To assign the spectrum of KDOS&P (and those of the other

similar sugars), we have tentatively followed the assignments of Baasov and Jacob, and

Kohen et al. (Figure 4.7).°*'”
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(a (b)

(©) (d)

OPO4%~ 52.45 OPO4%~ 52.15
'8H—}—H8" '8H——H8" /

J3.2 J7.3

2.23

Figure 4.7. Assignment of H3 protons from (a) &-pyranose, (b) d-pyranose, (c) &-furanose, and
(d) d-furanose of KDOS8P. 6: ppm; J: Hz

Due to the similarity between KDO8P and pD-DLH7P with respect to the configuration
at C5, we considered that D-DLH7P was likely to share a similar anomeric distribution
to KDOS8P. Therefore, the spectrum of KDOS8P, tentatively assigned, can be used to
help assign the spectrum of D-DLH7P. Essentially, for this compound, four similar sets
of diastereotopic protons were observed as identified with 1D NMR spectrum (Figure
4.4) and 2D COSY NMR spectrum (Figure 4.5). These resonances can be assigned to
the & - and d-pyranose, and & - and d-furanose forms of D-DLH7P. In addition, the

presence of one more set of geminal protons at 2.4 and 2.76 ppm was observed (Figure
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4.5). The coupling constants of these signals are consistent to the values predicted by

NMR prediction software for a lactone form of D-DLH7P (Figure 4.8).

397

“Ha-
398 ] o7 252
0.20 it O ; H
J 35 AL, 0 3eq Haax
/ - 273 252
{ y-J12.2 274 254
= e %
HO-—T-H5
6H—TOH
TH—TH7"
2.76
OPOZ2~ 277 251
5.02 396 362
5.06 402
507 3.68
368
398
0.10 3.95

5.05
5.08

4.03

405

L 404
365
3.69
L

(O YT T e e e e T i o T o i e T T T —T T

5.0 45 40 35 30 25

Figure 4.8. Assignment of lactone form of D-DLH7P and the calculated spectrum from NMR
prediction software. 6. ppm; J. Hz

L-T4P is the C3 epimer of D-E4P; therefore, the reaction product L.-DXH7P will have
the alternative configuration at C6. Thus, relative to DAH7P, there would be expected
to be less preference for a single anomer of this compound. The 'H and 2D COSY NMR
spectra of L-DXH7P showed also four sets of geminal protons in the region between 2.5

and 2.8 ppm (Figure 4.5). These have been assigned to 6 - and 6-pyranose, and & - and
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d-furanose forms (Figure 4.9). The coupling constants and chemical shifts of these

signals are in line with values predicted by NMR prediction software (Table 4.4). The

assignment of C3 protons of, and chemical shifts and coupling constants for DAH7P, D-

DLH7P, and L.-DXH7P are shown in Figure 4.9 and Table 4.4.

(a) a-pyranose
! 3ax
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‘.' '\q 1
il (1)
1 il :
]
Iy
1 il
3eq | “_f ! o —
I ¥ —|' —— T T — T T =% T 1 1 T
2.4 22 2.0 18 16 [ppm]
|
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a-pyranose
.
v \J
H3ax | H3eq
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| |
‘ |
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V1Y Y W,

uJ UY
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2.2 20 18

) o T
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B-pyranose

Figure 4.9. Assigned 'H NMR peaks for H3 protons of (a) DAH7P and (a) KDO8P between 1.5

and 2.8 ppm
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Figure 4.9 continued. Assigned 'H NMR peaks for H3 protons of (c) D-DLH7P and (c) L-DXH7P
between 1.5 and 2.8 ppm
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Table 4.4
'H NMR chemical shifts and coupling constants for H3 protons of DAH7P, KDO8P, L-DXH7P, and D-DLH7P

a-pyranose

B-pyranose

a-furanose

B-furanose

0 (J11z) 0 (J Hz) 0 (J 112) 0 (J Hz)
P032 S CO,~ SOH
i H CO,
DAH7P "oy o oH on
OH OPOgZ- Opoaz_
., 1.71(132 13 2)
Hyeg: 2.09(13.2, 5.0)
OPO4* OPO42~
OH OH
o, SoH
KDOS&P L 040 0
H COz~
Ha,. 179(13.0, 113) H,,: 1.61(12.2,12.2) Ha,o 2.45(14.2,7.2) M., 2.15(13.4,7.0)
H,., 1.74(13.0, 57) Iy, 2.20(12.2, 8.8) Hy 1.92(14.2,3.2) ., 2.23(13.4,7.3)
o) C027 O OH
HQ O\ 605 HO, O oH Ay H
0 2 0
L.-DXH7P ﬁ ’\‘?\ZJ HO— O ZOZ
- 20,P0 2:04P0 2 0POZ- 0PO2
H,. | 87(12.8, 12.5) M, 1.68(12.4, 12.4) Hy,o 248(14.3.74) ., 221(137.6.5)
H,,, 1.83(12.8.5.1) Hapt 2.26(12.4 5.0) Hyy 1.97(14.3,3.3) H,,,: 2.29(13.7, 7.0)
2- OPO42-
OH Op032— OH OPOGZ_ OPOg 3
0} - 0 OH OH
Hog\\(coz HO&)/OH CO- 0.OH
D-DLH7P i) A N H
: H co,
H,,. 1.89(12.9, 12.4) H,,o 1.69(12.4, 12.4) Hayo 2.5(14.2. 7.1) M., 2.23(13.6, 6.8)
i 1.8412.9,6.1) H,,: 2.27(124, 4.5) H, 1.99(14.2,29) H, 2.30(13.6,7.1)

ax and eqrefer tothe axial and equatorial positions in the pyranose anomers.

ino4 J18ydeyn
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4.3. Summary

To investigate the role of the configurations at the C2 and C3 hydroxyl groups of D-E4P
in the enzymatic reaction, the C2 and C3 isomers (D- and L-T4P) of D-E4P were tested
with E. coli DAH7P(Phe) synthase and P. furiosus DAH7P synthase. Both D-E4P
analogues were found to be alternative substrates for the E. coli DAH7P(Phe) synthase
and the P. furiosus DAH7P synthase. Therefore, the configurations of the hydroxyl
groups at C2 and C3 are not critical for the enzymatic reaction. Although the enzymes
accepted both alternative substrates, the kinetic data indicated that D- and L-T4P were
better substrates for P. furiosus DAH7P synthase than for E. coli DAH7P(Phe)
synthase. Furthermore, both enzymes preferred D-T4P to L-T4P. These observations are
consistent with recent results using 2- and 3-deoxyE4P with these enzymes.”*"*° The
implications of these findings on reaction mechanism and a comparison to KDO8P

synthase are discussed in chapter six.

D-DLH7P and L-DXH7P were prepared from the enzyme-catalysed reaction of D- and
L-T4P with PEP and E. coli DAH7P(Phe) synthase. The NMR spectra of b-DLH7P and
L-DXH7P were assigned (Figure 4.9), based on previously assigned spectra of DAH7P
and KDOS8P showing four sets of geminally coupled systems for the H3 protons (Figure
4.5) from & - and &-pyranose, and & - and d-furanose forms between 1.5 and 2.8 ppm.
An additional set of geminal protons was observed in the D-DLH7P spectrum, which

has been tentatively assigned as the lactone form (Figure 4.9).
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Chapter Five

PROBING THE ROLE OF HYDROXYL GROUPS IN 3-DEOXY b-
MANNO-OCTULOSONATE 8-PHOSPHATE SYNTHASE

This chapter describes the interaction between stereoisomers of D-ASP and N.
meningitidis KDO8P synthase. The preparation of the diastereomers of D-ASP has been

described in chapter three.

5.1. Stereospecific Reaction of Substrate Analogues with KDO8P
Synthase

A number of studies of KDOS8P synthase with D-ASP analogues have already been
reported. The five-carbon sugars, D-RSP, D-A5P, 4-deoxyASP, 3-deoxyASP, and 2-
deoxyR5P, have been investigated as substrates for KDOS8P synthase from E. coli.**
839HIOLIT 4_DeoxyASP was found to be an alternative substrate, consistent with the
enzyme using the acyclic form of D-ASP.""" 3-DeoxyASP was found to be neither a
substrate nor a inhibitor.” Additionally, 2-deoxyR5P has been reported to be a very
poor substrate for the E. coli KDOSP synthase (K, = 50 uM).* The C2 epimer of D-
ASP, D-R5P, does not act as a substrate for either metal-dependent or metal-independent

KDOSP synthases.® "%

A structural study of the A. aeolicus KDOSP synthase in complex with D-R5P has been

reported.'” In this structure, a water molecule, which is coordinated to the metal ion and
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C2 hydroxyl group of D-ASP (in the presence of D-ASP), is observed to be missing
when the enzyme binds D-R5P. The ineffectiveness of D-R5P as a substrate was
attributed to the displacement of this water molecule. However, as metal-dependency

126.127
It

can be eliminated by a single mutation of the metal-binding Cys to an Asn,
would appear that this water molecule is unlikely to be an essential nucleophile in the

catalytic mechanism. More details of the role of the metal ion in KDOB8P synthase are

discussed in chapter six.

Although the substrate specificity of KDOS8P synthase has been investigated to some
extent, there have been no complete studies using alternative stereoisomers of D-AS5P
with the enzyme. In this chapter, the specific roles that the C2, C3, and C4 hydroxyl
groups of D-ASP play in the KDOS8P synthase reaction are addressed by investigating
how D-ASP diastereomers interact with N. meningitidis KDO8P synthase. For these
studies, the previously prepared D-ASP diastereomers (Figure 5.1), described in chapter

three, were examined.

CHO CHO CHO
H——OH HO 4 H H——OH
H——OH H ——OH HO ——H
H——0OH H——0H H——OH
CH,0POz2" CH,0POz% CH,0PO4*
D-R5P D-A5P D-X5P

CHO CHO

HO——H HO—|—H

H——OH HO——H

HO——H H——OH

CH,0P042- CH,0P042-

L-X5P D-L5P

Figure 5.1. D-A5P, the natural substrate of KDO8P synthase and its diastereomers
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In order to investigate the abilities of these compounds to act as substrates for KDO8SP
synthase, the expression, purification, and characterisation of KDO8P synthase from V.
meningitidis were carried out by Dr Fiona Cochrane from our laboratory.'” This
enzyme has 68.3 % sequence identity with E. coli KDOS8P synthase, and, like the E. coli

enzyme, does not require metal for activity.

5.2. Enzymatic Reaction of Five-carbon Sugars with N. meningitidis
KDOS8P Synthase

D- and L-X5P were synthetically prepared from D-xylose and L-xylose, respectively, and
D-ASP and D-LSP were generated enzymatically as described in chapter three. These
compounds were tested as alternative substrates for N. meningitidis KDOS8P synthase
using the simple UV assay system. All assays were performed in 50 mM BTP buffer.
The pH of the buffer was adjusted to 7.4 at 30 °C. The compounds were incubated with
PEP at 30 °C for five minutes prior to the reaction being initiated by the addition of
purified N. meningitidis KDOS8P synthase. The reaction was monitored by the loss of
PEP at 232 nm. In the presence of PEP, a time-dependent loss of absorbance at 232 nm
was observed when D-ASP or 1.-X5P, which has the same stereochemistry at C2 and C3
as D-ASP, was used. On the other hand, no absorbance loss of PEP was seen in the
presence of D-R5P, D-X5P, or D-L5P. These observations suggest that D-R5P, D-X5P,
and D-LSP are not substrates of N. meningitidis KDOS8P synthase, whereas L-X5P is a
substrate for the enzyme. This result indicates that the correct C2 and C3 hydroxyl
group configurations are essential for the enzyme-catalysed reaction with PEP, but that

the configuration at C4 is less important.
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These five-carbon compounds were also tested to demonstrate whether they could act as
substrates for E. coli DAH7P(Phe) synthase, and it was found that D-R5P, and D- and L-
XSP were poor substrates for E. coli DAH7P(Phe) synthase. Since the reaction rates for
the D- and L-X5P were very low even in high concentration of these compounds (34
mM for D-X5P; 30 mM for L-X5P) and of the E. coli DAH7P(Phe) synthase (0.7 uM),
the enzyme assay system was too inaccurate to investigate kinetic parameters, and the
products from D- and L-X5P were unable to be isolated and characterised. On the other
hand, D-R5P was shown to be a considerably better substrate than D- and L-X5P. These
initial observations suggest that D- and L-X5P are much poorer substrates than D-R5P

for E. coli DAH7P(Phe) synthase.

5.3. Determination of Kinetic Parameters of Substrate Analogues with N.
meningitidis KDO8P Synthase

Kinetic parameters for D-ASP and L-X5P were determined by monitoring the loss of
PEP at 232 nm using a continuous absorbance assay. The reaction mixtures, without
enzyme, were incubated at 30 °C for five minutes and the reaction was initiated by the
addition of the purified N. meningitidis KDO8P synthase. Consumption of PEP was

monitored and initial rates were recorded.

The steady-state kinetic parameters were calculated by fitting data to the Michaelis-
Menten equation using Enzfitter” (Biosoft, v 2.0). A summary of the kinetic parameters
is shown in Table 5.1 and the Michaelis-Menten plots from which these values were
calculated are provided in Figure 5.2. As the kinetic data show, L-X5P is an alternative

substrate for N. meningitidis KDOS8P synthase.
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Table 5.1.
Kinetic parameters of D-A5P and L-X5P with N. meningitidis KDO8P synthase
D-ASP* L-X5P°
Ky"E" (UM) < 25+0.1
KMmonosaccharide (MM) 12 + l 57 i 2
kgt (510 2.7+0.6 1.1+0.1
k [ / KMmonosaccharide = P
- 225 B 10 1981

? The kinetic parameters were determined at a concentration of 160 uM PEP.

(a) D-ASP
Rate (pmol/min)
0.09
.
0.08 o
0.07 *
1/Rate
30.0
0.06 25.0
20.0
0.05 i
- 15.0 &
10.0!
0.04 0.0 0.1 0.2 0.3
1/[D-ASP]
0.03
o 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
[D-ASP] pM
(b) L-X5P
Rate (umol/min)
2.4x10 -02
2.2x10 -92
2.0x10 -02
-
1.8x10 -02
1.6x10 -02 .
1.4x10 02 1/Rate
M 400
1.2x10 02 H
300 >
-02
1.0x10 200 .
8.0x10 -03 100 e
- B
-03 o+
6207410 0.0 0.10 0.20 0.30 0.40 0.5
4.0x10 -03 1/[L-X5P]
.
2.0x10 -¢
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

[L-X5P] pM

Figure 5.2. Michaelis-Menten plots for the determination of Ky and k¢4 for (a) D-A5P and (b) L-
X5P with N. meningitidis KDO8P synthase
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5.4. Enzymatic Synthesis of KDO8P and Its Analogues

In order to confirm that PEP loss was connected to the consumption of D-ASP and L-
XS5P in the KDOS8P synthase reaction and to the generation of the expected new eight-
carbon sugars (Figure 5.3), KDOS8P and 3-deoxy-L-gulo-octulosonate 8-phosphate (1.-
DGOS8P) were prepared on a large-scale. 3-Deoxy D-altro-octulosonate 8-phosphate (D-

DAOS8P) was also generated using D-RSP with PEP and E. coli DAH7P(Phe) synthase

/\/oii E. coliDAH7P(Phe) synthase
.
v OH OH " H>=<002 N
et e 0-DAOBP
(b)
OH O
2‘O3PO/\_MH
OH OH
D-A5P N. meningitidis KDO8P synthase
H__ COy
H>_<OP032“ i
- PEP HoHO OOF’Os
Z'OaPO/WLH HO Coy
OH OH OH
L-X5P L-DGO8P

Figure 5.3. Generation of KDO8P and its analogues from alternative substrates of (a) E. coli
DAH7P(Phe) synthase and (b) N. meningitidis KDO8P synthase. Only -pyranose forms are
shown for clarity
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since D-R5P is not a substrate of N. meningitidis KDO8P synthase. The KDOS8P, D-
DAOS8P, and L-DGOS8P were then tested with thiobarbituric acid (as described in
section 2.2.3) and the assays gave positive results for the products KDO8P, b-DAOSP,

and L-DGOSP.

5.4.1. Large-scale syntheses and purification

In order to establish that KDOS8P isomers were generated from an aldol-like reaction
between the D-ASP isomers and PEP by KDOS8P synthase, sufficient quantities of the
products were required for their more detailed characterisation (Figure 5.3). To generate
KDO&P and its isomers, L-DGOS8P and D-DAOSP, large-scale enzymatic reactions were
performed using either the metal-independent N. meningitidis KDOS8P synthase or E.
coli DAH7P(Phe) synthase. The reactions were initiated by the addition of enzyme and

the loss of PEP was monitored at 270 nm. A higher wavelength than the f3,,, for PEP

max
was used to keep the absorbance measurements within the linear range of the

spectrophotometer. After all the PEP was consumed, the enzyme was removed by
ultracentrifugation and then the products were purified by anion-exchange
chromatography (SourceQ™, Amersham) using an ammonium bicarbonate gradient.
Fractions were tested with thiobarbituric acid assay following periodate cleavage to
identify the presence of the eight-carbon sugars, then pooled, lyophilised, and stored in
the freezer at -80 °C prior to NMR and mass spectral analysis. The high-resolution ESI
showed that D-DAOS8P and L-DGOS8P have the same mass as KDOS8SP (317.0277 for
KDO8P; 317.0275 for D-DAOS8P; 317.0273 for L-DGO8P), indicating that the products

formed by reaction of PEP with the D-R5P or L-X5P are isomers of KDOS8P.
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Since the cyclic form of D-DAOS8P has the same configuration as DAH7P, we
considered that D-DAO8P was likely to share a similar anomeric distribution to
DAH7P. As predicted, the 'H spectrum of D-DAOSP clearly showed two major peaks at
1.65 and 2.0 ppm corresponding to the two geminal protons on C3 (Figure 5.4). The
coupling constants of 12.7 and 12.4 Hz, and 12.7 and 5.0 Hz associated with peaks at
1.65 ppm and 2.0 ppm, respectively, were similar to those observed for the 3-pyranose
form of DAH7P. This suggests that those two signals, 1.65 and 2.0 ppm, represent
respectively, H;, and H,,, from D-DAOSP in its [3-pyranose form. There were small

signals at 1.43 and 2.42 ppm that are assigned as H,,, and H,,, from the 3-anomer due to

3eq
their similar coupling constants (Table 5.2). This interpretation is consistent with both

the result of the NMR software prediction program (ACD/NMR predictor software,

v.8.10) and the other published assignments for D-DAOSP.**'"”

The only difference between L-DGO8P and KDOSP is at a stereocentre that is not
included in pyranose or furanose ring forms. Therefore, the anomer distribution of L-
DGOS8P would be expected to be similar to that of KDOS8P. In the spectrum of L-
DGOSP, four sets of geminal protons are observed between 1.5 and 2.8 ppm (Figure 5.5).
As the 'H NMR spectrum of L-DGOS8P appeared to be similar to that of KDOSP, the
spectrum of L-DGO8P was assigned by comparison to the KDOS8P spectrum and by
using the NMR prediction program to check the assignments. The assignment of the C3
protons of, and chemical shifts and coupling constants for, D-DAOS8P and L-DGOS8P are

shown in Figure 5.6 and Table 5.2.
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Figure 5.4. 'H NMR spectra of isolated (a) D-DAOS8P and (b) L-DGO8P. The structures of eight-carbon sugars are
only shown in 3-pyranose forms for clarity.
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Figure 5.5. COSY spectra of (a) b-DAO8P and (b) L-DGO8P showing geminal and vicinal

couplings

117



Chapter Five PROBING THE ROLE OF HYDROXYL GROUPS IN KDO8P SYNTHASE

(a) a-pyranose

H3ax

)
v
P . I eSS o . /L......j e,
Hm H3B.X
—aq : . T . . —————— — : I
4 22 2.0 18 18 [ppm]
f-pyranose
(b) a-pyranose
J )H
H3ax A=
a-furanose ~
\I
p-furanose b

oo f—l B J\

H3ax
A U\ ,U\M _J‘ N'UMU‘ Voo
H3ax
"z.'4"'zfz"'zfo"'1'3"'1;'[”'."1

f-pyranose

Figure 5.6. Assigned '"H NMR peaks for H3 protons of (a) D-DAOS8P and (b) L-DGO8P between
1.4 and 2.5 ppm
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Table 5.2.

"H NMR chemical shifts and coupling constants for H3 protons of b-DAO8P and L-DGO8P

Q-pyranose

B-pyranose

«-luranose

-turanose

8 (J Hz) & (J Hz) 5 (J Hz) d (J 17)
U H
o oHZ
OH OH
l)'DAOSP OP0327 OPOBZ—
Ha,o 1.65(12.7, 12.4) Hy 143(12.3, 12.3)
Hyey 2.0(12.7.5.0) Hoy 2.42(12.3, 448)
HO OPOz* HO OPOZ OPO4* OPO5"
OH OH HO HO
OH
HOS COz" HO2y OH Sdo,- 0.OH
1.-DGOSP o 402 H COr
i,y 1.81(12.3, 10.5) My,e 1.61(123, 12.3) M, 2.42(14.3, 7.9) I, 2.14(13.5,7.0)
My 1.79(123.4.7) Hyy 2.18° Mo 1.9(14.3.3.4) Hiey 2.23(13.5,68)

ax and eq refer to the axial and equatonal orientation in the pyranose and furanose anomers.

* Due to being the peak either hidden or overlapped, the coupling constant for this peak was not calculated. However, the geminal coupling from this peak was clearly

shown.
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5.5. Summary

To investigate the roles of C2, C3, and C4 hydroxyl groups in the enzymatic
reaction, the isomers of D-ASP, the natural substrate of KDO8P synthase, D-R5P, D-
XS5P, 1.-X5P, and D-L5P were tested with N. meningitidis KDOS8P synthase. It was
demonstrated that 1.-X5P is an alternative substrate for N. meningitidis KDO8P
synthase, but D-R5P, D-X5P, and D-L5P are not substrates for this enzyme. These
observations suggest that correct C2 and C3 hydroxyl group configurations are
critical for enzyme reaction but that the C4 hydroxyl group configuration is not
important. The roles of the C2 and C3 hydroxyl groups in the KDOS8P synthase
reaction mechanism, and the roles of these hydroxyl groups in KDO8P and DAH7P

synthase reactions are discussed in chapter six.

D-DAOS8P was prepared from D-R5P with PEP and E. coli DAH7P(Phe) synthase as
D-R5P is not a substrate of N. meningitidis KDOS8P synthase. .-DGOS8P was
generated from the prepared 1.-X5P with PEP catalysed by N. meningitidis KDO8P
synthase. Both eight-carbon sugars were isolated and characterised by NMR
spectroscopy and mass spectrometry. As predicted, the 'H NMR spectrum of D-
DAOS8P was similar to that of DAH7P, and the spectrum for L-DGO8P was similar

to that of KDOSP.
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Chapter Six

MECHANISTIC INSIGHT INTO 3-DEOXY p-ARABINO-
HEPTULOSONATE 7-PHOSPHATE SYNTHASE AND 3-DEOXY D-
MANNO-OCTULOSONATE 8-PHOSPHATE SYNTHASE

This chapter discusses the specificity of DAH7P synthase and KDOS8P synthase to sugar
substrates with configurational changes, and proposes previously unrecognised

mechanistic differences between these two enzymes.

6.1. Introduction

DAH7P synthase and KDOS8P synthase are two functionally unrelated enzymes that
share many mechanistic and structural features. Both enzymes catalyse the condensation
of PEP with a phosphorylated aldose by a similar ordered-sequential mechanism in
which PEP binds first and the seven- or eight-carbon sugar phosphate is released last
(Figure 1.4).>***'°" Both reactions also involve the cleavage of the C-O bond of PEP
and are highly stereospecific with the si face of PEP coupling with the re face of their
respective sugar aldehydes.***'®"'% Additionally, X-ray crystal structures of DAH7P
synthases have been found to be remarkably similar to those of KDOS&P
synthases,”?7+121-124120 Baged on these similarities, the phylogenetic relationship
between DAH7P synthase and KDOSP synthase has recently received attention,®7¢%!%

Two types of DAH7P synthase have been identified based on molecular mass and

sequence.® The type | enzymes are a broad family of 3-deoxyald-2-ulosonate phosphate
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synthases that includes the KDOSP synthases.” This group is also divided into two
subfamilies, Ix and Ix.** Currently, only DAH7P synthases are known in subfamily Ix,
whereas subfamily Ix contains both DAH7P synthases (Ix,) and KDOS8P synthases

(Ix).*

Although the similarities are clear between DAH7P and KDO8P synthases, differences
between the two enzymes are also apparent. The differences between DAH7P synthase
and KDOS8P synthase are in metal requirement, and in the sugar substrate C2
configuration (Figure 6.1). All known DAH7P synthases are metalloenzymes, whereas
subfamily Ixx contains both metalloenzymes and non-metalloenzymes as exemplified
by the A. aeolicus metal-dependent and E. col/i metal-independent KDOS8P synthases,

respectively.®"®

OPOg2-

KDOB8P synthase 2-04PO CO,™ DAH7P synthase . 0

\“/ ﬂo 2C_O
KBoee ©H P, D-A5P — D-E4P P OH
DAH7P
OH O OH O
2_
2‘O3POW(H OSPOMH
OH OH OH

Figure 6.1. Enzymatic reaction of DAH7P synthase and KDO8P synthase. Note stereochemical
difference at C2

Previous studies to those presented in this thesis had suggested that DAH7P synthases
were somewhat ambivalent to sugar substrate C2 configuration by accepting not only

the natural substrate D-E4P but also a variety of five carbon phosphorylated sugars
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including those with inverted stereochemistry at C2, such as D-ASP.”**"*° On the other
hand, KDOS8P synthases appeared to be more sensitive to having the correct
stereochemistry at this position, as the enzyme takes the natural substrate D-ASP but not

D-RSP (E4P-like, the C2-epimer of D-ASP) (Figure 6.1).58%1%

6.2. Substrate Specificity of DAH7P Synthase

Substrate configuration changes in the DAH7P synthase-enzymatic reaction were
investigated as part of these studies. D- and L-T4P (C2 and C3 epimers of D-E4P,
respectively) were synthesised and tested with E. col/i DAH7P(Phe) synthase and P.
furiosus DAH7P synthase. As described in chapter four, both DAH7P synthases were
able to accept D- and 1-T4P as alternative substrates to D-E4P (Table I). For the type Ix
E. coli DAH7P synthase, a significant increase in the Ky, values were recorded with
both substrates, whereas D- and L-T4P were utilised with a comparable catalytic
efficiency to the natural substrate D-E4P for P. furiosus DAH7P synthase (type Ixp).
The seven-carbon phosphorylated sugar products of the enzymatic reactions for both D-
and L-T4P were isolated and characterised by both NMR spectroscopy and mass
spectrometry. The seven-carbon products from D- and L-T4P were identified as the
expected 3-deoxy D-/yxo heptulosonate 7-phosphate (D-DLH7P) and 3-deoxy L-xylo

heptulosonate 7-phosphate (L-DXH7P), respectively.
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Table 6.1.
Kinetic parameters of E. coli DAH7P(Phe) synthase and P. furiosus DAH7P synthase with
different monosaccharides
E. coli DAH7P(Phe) synthase P. furiosus DAH7P synthase
Monosaccharides
KM kca! /‘cal / K KM kcal kcat / KM
(uM) s (s 1/MM) (uM) (s (s/uM)
D-E4P°
OH O 3 3
> 39+4 262 670 x 10 9+ 1.4+0.1 160 x 10
O3PO\)\:)LH 2 X
OH
2-deoxyE4P°
OH O 410+ 40 25 =3 60 x 10” 61 3.0+£0.1 490x 10°
3-deoxyE4P*
o) . .
2‘03POMH 2680 = 140 45 0.1 2x 107 200 = 30 27+5 140x 10°
OH
D-T4P
79 139013 25+01 6 x10°| 211 24x0.1 110x10?
2_O3PO == K 2 0 P o = A
H
N
L-T4P
OH O . .
z-ospo\/\/u\H 750+ 10 1.5=+0.1 2 x10° 47 +3 40+0.1 8 x10?
OH
D-ASP!
OH O 3 3
30 0.054 1.8 x 107 | 2700 £200 1.1 £0.1 0.40 x 10
_OSPO/\MH X %
OH OH
D-R5P*
OH O 3 3
6000 0.72 0.12x 107 1580+ 110 25+0.1 1.6x10
2'O3PO/\MH X x
OH OH
2-deoxyR5P*
OH O 3 -3
6800 0.46 0.07 x 107| 2500 £ 150 1.7+0.1 0.69x 10
2'O3PO/\_MH 8 8
OH

Klnetlc parameters for D-E4P with P. furiosus DAH7P synthase were determined by Dr L. Schofield.™

® Kinetic parameters for 2-deoxyE4P with P. furiosus DAH7P synthase were determined by Dr L. Schofield’* and for 2-
deoxyE4P with E. coli DAH7P(Phe) synthase by Amy Pietersma.”

¢ Kinetic parameters for 3- deoxyE4P with P. furiosus DAH7P synthase and E. coli DAH7P(Phe) synthase were
determined by Amy Pietersma.*

¢ Kinetic parameters for the five-carbon sugars with £. coli DAH7P synthase are calculated from reference’ and with P.
furiosus DAH7P synthase

are determined by Dr L. Schofield. ™
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These results were directly comparable with those for D- and 1.-T4P in terms of the
importance of C2 and C3 configuration in the enzymatic reaction. The results with D-
and L.-T4P, and with 2- and 3-deoxyE4P suggest that both enzymes can tolerate
configurational changes to or the removal of either C2 or C3 hydroxyl groups from the
substrate, and that the enzymes can utilise D-E4P analogues as alternative substrates.
These observations suggest that the C2 or C3 hydroxyl groups do not play a critical role
in the DAH7P synthase-enzymatic reaction. It has also been reported that E. coli
DAH7P synthase was able to accept the five-carbon sugars D-ASP, D-R5P, and 2-
deoxyRSP as substrates, showing that DAH7P synthase can also utilise five carbon

sugars with variations at the C2 position.”™”

6.3. Substrate Specificity of KDO8P Synthase

As part of these studies, the tolerance of KDO8P synthase with respect to configuration
changes at the C2, C3, or C4 positions was also investigated. D-LSP and 1.-X5P were
synthesised, and these compounds, together with commercial D-R5P (C3, C4, and C2
stereoisomers of D-ASP, respectively), were examined as substrates for the metal-

independent KDOS8P synthase from N. meningitidis.

As presented in chapter five, the results showed that while D-R5P and D-LSP were not
substrates, 1.-XSP was a substrate for N. meningitidis KDOS8P synthase (Table 6.2).
These observations were consistent with the results from Howe er al.*® that D-R5P was
not a substrate of E. coli KDOS8P synthase. These results indicate that the correct
configuration at both positions C2 and C3 is essential for catalysis by KDOS8P synthase,

but that the alternative configuration at C4 can be accommodated by this enzyme.
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Kinetic parameters of five-carbon sugars with N. meningitidis KDO8P synthase

Table 6.2.

Five-carbon
sugar
phosphates

N. meningitidis KDOS8P synthase

E. coli KDOSP synthase®

Ky
(uM)

kca(
(s")

kcal / KM
(s /uM)

kcal / KM
(s'/uM)

D-A5P
OH O

2_03PO/\:MH
OH OH

12 = 1|

27+0.6

225x 10°

6.8 0.5

358 x 107

D-R5P
OH O

2_O3POWH

OH OH

NS*

0.0188
+=0.0036

829 £ 54

227 x 107

2-deoxyR5P°
oH O

2‘03PO/\_)\)LH
OH

230 =20

0.13 £0.01

0.6 x 10”

5038

0.12 £ 0.05

2.4 x 107

D-L5P
OH O

2‘O3P0/v\rkH
OH OH

NS

L-X5P
OH O

2-03P0WH
OH OH

57«2

1.1 0.1

19 x 1073

? Not a substrate.

®The kinetic data were measured by Amy Pietersma."”°

In earlier experiments reported by others, the interactions of deoxy analogues (2-

deoxyR5P, 3-deoxyASP, and 4-deoxyASP, Figure 6.2) with E. coli KDO8P synthase

were studied.”'"" 4-DeoxyASP was found to be a substrate (but a poor one), while 2-

deoxyR5P and 3-deoxyASP were neither substrates nor inhibitors for the enzyme.

However, a more recent study suggested that 2-deoxyR5P may indeed be an extremely
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poor substrate for the enzyme with two orders of magnitude lower catalytic efficient
than D-ASP (Table 6.2).%'*® 2-DeoxyR5P was also tested as a substrate for the KDOSP
synthase from N. meningitidis showed results of approximately 20 times higher K, and
lower k. than that of D-ASP (Table 6.2). These results from both E. coli and N.
meningitidis KDO8P synthases demonstrated that 2-deoxyRSP was a very poor
substrate. This is consistent with the results presented in this thesis using D-L5P and L-
XS5P where C2 and C3 hydroxyl group configuration is crucial but C4 hydroxyl group is

not important in the KDOS8P synthase-enzymatic reaction (Figure 6.2), whereas the

DAHT7P synthase reaction is ambivalent to changes at these positions.

OH O o) OH O
2—03P0WH 2‘03PO/;V\HLH 2—03P0WH

OH OH OH OH

2-deoxyRSP 3-deoxyA5P 4-deoxyA5P

Figure 6.2. Deoxy analogues of D-A5P

6.4. Modelling Studies of DAH7P Synthase

Recent modelling of D-E4P has been reported based on the binding of G3P to §.
cerevisiae DAH7P(Tyr) synthase and the proposed coordination of D-E4P in T.
maritima DAH7P synthase (Figure 6.3).°”” Both models have suggested that the

carbonyl oxygen of D-E4P coordinates to the metal ion and that the C2 and C3 hydroxyl
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groups of D-E4P interact with Pro and Asp residues, respectively; Prol 13 and Asp342
in S. cerevisiae DAH7P(Tyr) synthase and Pro132 and Asp309 in T. maritima DAH7P
synthase (Figure 6.3). The Pro is found in the absolutely conserved LysProArgThr
motif of DAH7P synthase and the Asp is a metal-binding ligand also absolutely
conserved in all DAH7P synthases. Moreover, the modelling studies suggest that the
key event in the DAH7P synthase-catalytic mechanism is coordination to the metal ion
by the carbonyl oxygen of D-E4P and that interactions of Pro and Asp with the C2 and
C3 hydroxyl groups may help to orientate D-E4P in order to improve reactivity. These
results are also supported by the study of substrate specificity and structure of P.
furiosus DAH7P synthase.” In the P. furiosus DAH7P synthase structure (Figure 6.3),
this conserved Pro (Pro61 of the LysProArgThr motif) adopts two different
conformations in each of the two subunits of the asymmetric unit. In one subunit, as
observed exclusively for E. coli DAH7P synthase, this residue points towards the
predicted position of the C2 hydroxyl group. In the second, this residue clearly adopts
another conformation where the main chain carbonyl of this residue points away from
the predicted binding site of D-E4P. This flexibility may explain why P. furiosus
DAH7P synthase is more tolerant to configurational changes at C2 than E. coli DAH7P
synthase.™ Both D-T4P and 2-deoxyE4P were better substrates for this P. furiosus
DAH7P synthase relative to natural substrate D-E4P with 2-deoxyE4P being even more

efficiently utilised than D-E4P by this enzyme.

On the other hand, removing or inverting the C3 hydroxyl group has a far greater
influence on the reaction for both E. coli and P. furiosus DAH7P synthases. This model
for the DAH7P synthase reaction suggests that the key role of the enzyme is activation

of the aldehyde functionality to nucleophilic attack by coordination to the metal ion. In
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the modelled structures of the D-E4P-enzyme complex, the Asp metal-binding ligand
(Asp326 in E. coli DAH7P synthase and Asp238 in P. furiosus DAH7P synthase) is
also hydrogen bonded to the C3 hydroxyl group of D-E4P in both enzymes. This
interaction would be expected to help both to position Asp and D-E4P, and to influence
indirectly the metal ion reactivity, thereby improving the electrophilicity of the
aldehyde carbon. Therefore, the sensitivity to changes at C3 can be understood with

regard to this proposed mechanism for the DAH7P synthase reaction.

6.5. Comparison of the Active Sites of DAH7P and KDO8P Synthases

Since the structures of DAH7P synthases and KDOSP synthases have been determined,
a careful comparison of the active site of the two enzymes has revealed many structural
similarities in substrate binding (Table 1.2).777!2"* The majority of residues (Ala,
Lys, and Arg) that interact with PEP and with the co-substrate are conserved in the
active sites of both DAH7P and KDOS8P synthase. Although all known DAH7P
synthases require a divalent metal for catalysis and both metal-dependent and metal-
independent KDOS8P synthases have been characterised, the metal-binding site is also
similar in DAH7P synthases and metal-dependent KDOS8P synthases. In the metal-
independent KDOBS8P synthase, the metal-binding site is filled with an Asn side chain in
place of the metal binding Cys. However, there are three absolutely conserved
substitutions to residues interacting directly with either PEP or the aldose phosphate
substrate (Figure 6.4) that distinguish DAH7P synthases from KDOS8P synthases:
i) Arg binds the PEP carboxylate in DAH7P synthases, whereas Lys is found
in KDOB&P synthases (eg, Arg92 in E. coli DAH7P synthase and Lys55 in E.

coli KDOSP synthase);
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i) an Arg in the PEP phosphate-binding site in DAH7P synthases is substituted
by Phe in KDOS8P synthases (eg, Argl65 in E. coli DAH7P synthase and
Phell7 in E. coli KDOS&P synthase);

iii) in the aldose phosphate binding site, a Pro to AlaAsn substitution is found in
the absolutely conserved LysProArgThr motif of DAH7P synthases,
creating an equivalent conserved LysAlaAsnArgSer motif in KDOS8P
synthases (eg, Pro98 in E. coli DAH7P synthase and Ala61Asn62 in E. coli

KDO&P synthase).

Substitution of the positively charged Arg in DAH7P synthases by the hydrophobic Phe
(change is shown in figure 6.4) in KDOS8P synthases eliminates a salt bridge to the PEP
phosphate that is found in DAH7P synthase and increases the hydrophobicity in the
vicinity of the PEP phosphate group in KDOS8P synthase. Modelling and structural
studies suggest that this allows the aldehyde functionality of D-ASP in KDOS8P synthase
to be positioned differently to how D-E4P is positioned in DAH7P synthase. This also
may allow PEP to be bound to KDOS8P synthase in its dianionic rather than the
trianionic form.”>12212% Therefore, in KDOS8P synthase, the phosphate moiety of PEP

may hydrogen-bond to the aldehydic oxygen of D-ASP.

The second key substitution (LysAlaAsnArgSer rather than LysProArgThr) provides an
additional binding contact for D-ASP ensuring correct placement of the aldehyde moiety
in KDOBSP synthase close to the PEP phosphate moiety. The key chemical event in these
condensation reactions is attack by C3 of PEP on the aldehyde group of co-substrate D-

124-126

ASP. In all reported metal-dependent KDOS8P synthase structures, the metal (when
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LysAlaAsnArgSer O
(a) / W\ ~
P-O

Phe
A5P
: HO S,
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LysProArgThr
(b) y g

Arg

Figure 6.4. Comparison of active sites and proposed (partial) reaction mechanisms for (a) A.
aeolicus KDO8P synthase and (b) P. furiosus DAH7P synthase with D-E4P. D-E4P has been
modelled into this structure based on the observed binding of G3P to S. cerevisiae DAH7P(Tyr)
synthase73 and the proposed binding of D-E4P to T. maritima DAH7P synthase.57 The key
changes discussed in the text are highlighted in green. Metal and metal ligands are in cyan and
PEP ligands are shown in blue. Substrates, PEP and D-ASP (or D-E4P) are shown in black

present) appears to be too far from the aldehyde functionality (~ 6 A) to be involved in
electrophilic activation as a Lewis acid catalyst. Moreover, it has recently been reported
that the metal dependency can be removed in metal-dependent KDOSP synthases (from
A. pyrophilus and A. aeolicus) by mutation of Cysll to Asn (Cysl1Asn)."”*"” The
mutant retains about 10 % of the wild-type maximal activity in the absence of metal

ions (Table 6.3). Also, a metal-independent KDOS8P synthase (from E. coli) can be
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converted partially to a metal-dependent KDOS8P synthase by mutation of Asn26 to Cys

(Asn26Cys, Table 6.3). In the absence of metal ions, Asn26Cys mutant has about 6 %

of wild-type activity.

Table 6.3.
Specific activity of the wild-type and mutant KDO8P synthases from E. coli, A. pyrophilus, and
A. aeolicus.
wild-type EDTA-treated  Asn26Cys EDTA-trecated CysllAsn EDTA-treated
as purified  wild-type as purified ~ Asn26Cys as purified  CysllAsn
Eacoy 12.0 + 0.1 0.14+ 001  0.73 = 006
(unit/mg)
, o cd 0.03 £0.01 0.8 +0.1
Agprrephilic’| 2o o 0.8+ 0.1
(unit/mg) 8.0+0.7 L Dbl
(added Cd™) (added Cd**)
-b
i aoh 12.28 1272 0.07 0.17
(unit/mg)
A. aeolicus®
1.88 0.08 1.47 1.65

(unit/mg)

? The specific activity of KDO8P synthases from E. coli and A. pyrophilus as determined by Shulami et a

126
.

® The specific activity of KDO8P synthases from E. coli and A. aeolicus as determined by Li et al.'?’

However, this activity can be increased to about 30 % of wild-type activity by the

addition of Mn** or Cd** (Table 6.4)."*° That metal-dependency can be switched on and

off by a single mutation indicates that the metal ion is not directly involved in the

KDOSP synthase-catalysed reaction, supporting a mechanism where the metal ion plays

a dispensable role in KDOS8P synthase.
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Table 6.4.
Kinetic parameters of the wild-type and mutant KDO8P synthases from E. coli and
A. pyrophilus.”"5

E. coli A. pyrophilus
EDTA-treated e
ildipe EDTA -treated Asn26Cys Wi EDTA-treated

Asn26Cy: . . . . STTA:
SN26CYS | ™ | +cd | mo® cgr | CostlAsn
(l;fT‘) 6.106 | 0.36=0.04 19+£0.1 | 1.9+£0.1 | 90208 | 6.0+0.8 | 0.42+0.03

K D-A5P
(ﬁM) 202 75«11 70+9 110 =14 67+6 18 £2 140 = 12
k . / K »-ASP
Czs"/unli\/[“) 0.3 0.005 0.03 0.02 0.13 0.33 0.003

Metal binding has also been studied in the DAH7P synthase from P. furiosus by
mutating Cys31 to Asn.'™ In this study, the Cys31Asn mutant of P. furiosus DAH7P
synthase showed no detectable enzymic activity with or without EDTA, or added Mn*".
These observations are in contrast to the equivalent mutations in the metal-dependent
KDOS8P synthases, showing that the metal ion is critical for the catalytic reaction of
DAHT7P synthase. These findings are entirely consistent with a mechanism for KDOS8P
synthase involving activation by protonation (Brgnsted acid catalysis). In such a
mechanism, the activation and positioning of the aldehyde moiety is more delicately
choreographed than in the proposed DAH7P synthase mechanism. For KDO8P
synthase, the C2 hydroxyl group plays a critical role via coordination either to a metal

ion or to an Asn side chain (most likely via an intermediate water), and therefore the
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dihedral angle about the C1-C2 bond of D-ASP is controlled. This mechanism is
entirely consistent with the substrate specificity presented in this thesis by altering the
configuration of C2 of D-ASP. As shown by the results of N. meningitidis KDO8P
synthase, the configurational change at C2 of D-ASP disrupts the substrate binding and
orientation, such that the KDOS8P synthase is unable to utilise D-R5P and is only able to
utilise 2-deoxyRS5P (or 2-deoxyASP) as a very poor substrate. On the other hand,
DAH7P synthases have been shown to tolerate configurational changes at both the C2
and C3 positions. In both enzymatic reactions, the si face of PEP attacks the re face side
of the aldose co-substrate forming the oxocarbenium intermediate (or transition state).
Then, a water molecule located on the re face of PEP, observed in both DAH7P
synthase and KDO8P synthase structures, attacks the intermediate giving acyclic

hemiketal biphosphate.

It should be noted that the X-ray crystal structure of A. aeolicus KDOS8P synthase in
complex with D-R5P has also been solved.'” When D-RSP was bound, a water molecule
coordinated to a metal ion is not present and the C2 hydroxyl group takes its place. This
missing water molecule was proposed at that time to act as the nucleophilic water in the
catalytic mechanism, and its absence was used to explain the lack of reactivity of D-
R5P. However, a direct catalytic role for the divalent metal ion in water activation has
been largely discounted as metal-independent KDOS8P synthases can be created by a
single Cys to Asn mutation.'?*'?” What is clear from these structures, however, is that
the carbonyl functionality in D-R5P adopts a significantly different orientation in
KDOS8P synthase compared to DAH7P synthase, but entirely consistent with the
prediction that appropriate interaction with the C2 hydroxyl group is vital for addition

of C3 of PEP to the carbonyl of D-ASP. The ability of 2-deoxyR5P to act as an
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alternative, yet poor, substrate for KDOS8P synthase is consistent with a greater

likelihood of this analogue accessing the reactive conformation.

Although D-E4P and D-ASP have the same configuration at C3, the results from the
present study indicate that the role of the C3 hydroxyl group is different in DAH7P
synthases and KDO8P synthases. Whereas L-T4P (C3 epimer of D-E4P) was a substrate
for both E. coli and P. furiosus DAH7P synthases, D-L5P (C3 epimer of D-AS5P) did not
act as a substrate for N. meningitidis KDOS8P synthase but L.-X5P (C4 epimer of D-A5P)
did. These results suggest that the correct C3 configuration is not essential in the
DAH7P synthase-catalysed reaction, whereas it is critical in the KDOS8P synthase-
reaction mechanism, and that the correct C4 configuration is not essential for the
KDOS8P synthase-enzymatic reaction. This study indicates that the C3 hydroxyl group
in D-ASP may also be directly involved in the KDOS8P synthase reaction by controlling
the dihedral angle about the C1-C2 bond of D-ASP to position the aldehyde moiety to
be attacked by C3 of PEP. The structure with D-ASP bound to the A. aeolicus metal-
dependent KDOS8P synthase shows that the C3 hydroxyl group hydrogen bonds to the
Asn residue.'” This residue is part of the LysAlaAsnArgSer conserved motif that is
essential for placement of the aldehyde functionality of D-ASP in the mechanism for
KDOS8P synthase proposed in this thesis. Therefore, the C3 hydroxyl group is also
intimately involved in the correct positioning of the aldehyde group of D-ASP and any
changes at this position would be expected to greatly influence the reaction. On the
other hand, the changes at the C4 hydroxyl group have a relatively minor influence on
the enzymic reaction as there is no direct interaction with this hydroxyl group and the

residues that determine placement of the carbonyl carbon.'**'?°
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Likewise, this analysis would also appear to account for the recently reported disparity
in behaviour with (E)-3-fluoroPEP and (Z)-3-fluoroPEP between KDOS8P synthases
(from A. pyrophilus and E. coli) and DAH7P synthase.'” That study has found that the
overall stereochemistry for both metal-dependent (from A. pyrophilus) and metal-
independent (from E. coli) KDO8P synthase are identical and that both KDOS8P

/Ky, ratio being 100

cat

synthases prefer (£)-3-fluoroPEP to (Z)-3-fluoroPEP (the relative &
and 33, respectively, Table 6.5). However, there is little difference between the
reactivity of (E)-3-fluoroPEP and (Z)-3-fluoroPEP with DAH7P synthase (the k. /Ky
being ~ 7 x 107 s'/uM, Table 6.5). The results from this study also suggest that the
metal is not important in the KDO8P synthase-catalytic reaction and that there is a

mechanistic difference between KDOS8P synthase and DAH7P synthase.

Table 6.5.
Steady-state kinetic parameters for A. pyrophilus KDO8P synthases, E.coli KDO8P synthases,
and E. coli DAH7P synthase. Taken from Furdui et al."”"

A. pyrophilus E. coli E. coli
KDOSP synthase KDOS8P synthase DAH7P synthase
- (E)-3- (Z)-3- - (E)-3- (Z2)-3- . (E)-3- (Z)-3-
— fluoroPEP | fluoroPEP FE fluoroPEP | fluoroPEP EE fluoroPEP | fluoroPEP
Keat 9+02( 1=x0.1 1.1£002 |45+02|05+0.05|03=00+]| 32 - -
(s
K D-ASP
(::M) 26+ 1.3] 47+0.3 | 500+60 | 5+005| 1.9+03 32+9 9 = =
kca(/KM D-ASP)
(s'l/p.M") 0.3 0.2 0.002 0.9 0.3 0.009 [3.55| 0.0069 0.007
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Figure 6.5. Proposed mechanism for DAH7P synthase by Lewis acid catalysis and for KDO8P
synthase by protic acid catalysis

As explained earlier in this section, the metal plays a structural role and the reaction is
activated by a protonation of the carbonyl of D-ASP (protic acid catalysis) in the new
proposed model for the KDOS8P synthase mechanism (Figure 6.5). When the divalent
metal is absent in KDOS&P synthase, the metal-binding ligand Cys is replaced by Asn
and this residue plays the same structural role as Cys. Thus, there is no mechanistic

difference between metal-dependent and metal-independent KDOS8P synthases. A
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mechanism for DAH7P synthase has also been proposed based on the findings of (i) the
tolerance of DAH7P synthase for change in stereochemistry at the C2 position of its
natural substrate, and (ii) the requirement of a divalent metal ion for the DAH7P
synthase-catalytic reaction. In this mechanism, the reaction is activated by coordination
of metal-carbonyl of D-E4P (Lewis acid catalysis) and therefore, the metal ion has a
critical role in this reaction of DAH7P synthase. Thus, contrary to what has been
proposed in earlier studies, there is no real mechanistic difference between metal-
dependent and metal-independent KDO8P synthase, but there is a mechanistic

difference between DAH7P synthase and KDOS8P synthase.

6.6. Summary

Identification of key mechanistic similarities, the discovery of metal-dependent KDO8P
synthases, and phylogenetic analysis have led to the assumption that a common
mechanism applies to these two related enzyme-catalysed reactions. Although many
similarities between DAH7P synthase and KDOS8P synthase have been shown
mechanistically and structurally, the results from this study together with those of other
studies suggest that there is a fundamental mechanistic difference between the two
enzymes: DAH7P synthases use metal for the activation of their aldose phosphate
structure (Lewis acid catalysis) whereas KDOS8P synthases use protonation (Brgnsted
acid catalysis) for activation. This difference in catalytic mechanism gives rise to
entirely different substrate specificity profiles for the two enzymes as revealed by the
studies presented in this thesis. The present study, together with a reinterpretation of
existing substrate specificity and structural data suggests that the evolutionary processes

that led to altered substrate specificity also gave rise to different mechanisms of
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catalysis. Consequently, the divalent metal ion on which some KDOS8P synthases rely
for catalytic activity plays an altered and dispensable role in the enzyme-catalysed
reaction. Its presence, however, in some enzymes, albeit as an evolutionary carry-over
provides further evidence for a common DAH7P synthase-like ancestor for this enzyme

family.

6.7. Future Studies

The studies in this thesis have suggested that there are fundamental mechanistic
differences in the way that KDO8P synthase and DAH7P synthase process their
aldehydic substrates. Based on this finding, we have proposed that the mechanistic
differences between the two enzymes are associated with conserved changes to two
amino acid motifs in each enzyme class. However, in order to test this proposal and to
understand more fully the evolutionary relationship between these two enzymes, further
investigations are required. The obvious experiments are to make mutants of the P.
furiosus DAH7P synthase to convert this metal-dependent enzyme to a metal-dependent
KDOSP synthase, as this type Ix, DAH7P synthase appears to be the closest to the type
Ix, KDOS8P synthase subfamily. To introduce the conserved metal-dependent KDOS8P
synthase motifs to the P. furiosus DAH7P synthase, the following minimum changes
are required:
i) Mutation of the conserved Arg in the PEP phosphate-binding site of DAH7P
synthases to Phe, which is conserved in all KDOS8P synthases;
i) Mutation of the conserved Pro of LysProArgSer motif in the aldose
phosphate-binding site of DAH7P synthases to AlaAsn of conserved

LysAlaAsnArgSer motif of KDOS8P synthases.
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It is highly likely that there are other secondary sequence differences in addition to the
changes noted above that have occurred with the evolution of KDOS8P synthase activity
from an ancestral DAH7P synthase. Therefore, careful structural and sequence analysis
of both mutant and native proteins will also be needed to help to unravel the evolution
of KDOS8P synthases. A combination of these studies and an investigation into the
ability of the active site of these enzymes to accept modified substrates, such as the
studies presented in this thesis, will help unravel the evolutionary relationship between

these two enzymes.
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Chapter Seven

EXPERIMENTAL

7.1. General Procedure

Solvents

All organic solvents were freshly distilled before use. Dichloromethane was distilled
from calcium hydride. Diethyl ether was dried with sodium hydroxide. THF was
distilled from sodium wire. Analytical grade acetone, methanol, and ethanol were used

as supplied from commercial sources.
Reagents
All chemical reagents used for experiments were purchased from commercially

available sources and used as supplied.

Silver oxide (Ag0O,) was freshly prepared following the published procedure (Organic

synthesis collective. V5. 386-392)'™ before use.

Dess-Martin periodinane prepared according to the literature'* by Dr Matthias Rost or

Scott Walker. Dess-Martin periodinane was dried in a desiccator over night prior to use.
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Chromatography

Analytical thin layer chromatography (tlc) was performed on Merck Silica Gel 60 F254
aluminum-backed sheets. Spots on plates were visualised under UV (254 nm) followed
by staining with aqueous potassium permanganate.

Flash column chromatography was carried out on Scharlau silica gel 60, 230 — 400

mesh. Chromatographic solvents, ethyl acetate and hexane, were distilled prior to use.

Reactions and Work-up

All reactions were performed under an inert atmosphere of dry nitrogen (N,), argon
(Ar), or hydrogen (H,) unless otherwise stated. Crude organic extracts were dried with
anhydrous magnesium sulfate. Evaporations were carried out on a rotary evaporator

with a bath temperature, less than 40 °C unless otherwise stated.

NMR spectroscopy

'H NMR spectra were obtained on a Bruker Avance” 400 MHz or Bruker Avance” 500
MHz instrument utilising a QNP probe and QXI probe, respectively, or Bruker Avance”
700 MHz instrument utilising a QNP and QXI probes. All spectra were recorded in
deuterated solvents as indicated. When the sample was dissolved in D,O the spectra
were referenced to HOD at 4.7 ppm.

C NMR spectra were obtained on either a Bruker Avance® 400 MHz operating at
100.613 MHz or a Bruker Avance” 500 MHz instrument opening at 125.758 MHz.

*'P spectra were recorded on a Bruker Avance" 400 MHz operating at 161.975 MHz.
All signal assignments were consistent with the appropriate 2D NMR experiments

("H/'H COSY and 'H/"”C HMQC).
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Mass Spectrometry

High-resonance mass spectrometry was carried out by either the Department of
Chemistry at the University of Auckland on a VG-70SE High-resonance mass
spectrometry or the Department of Chemistry at the University of Canterbury on a
Micromass LCT.

Low-resolution electrospray ionisation mass spectrometry was carried out on a

Micromass spectrometer, utilising a Waters 2790 Separation unit for loading.

UV-Visible Spectrophotometer
UV-Vis spectrophotometry was performed on a Varian Cary® 1 UV-Vis
spectrophotometer at 25 °C, 30 °C, or 60 °C as indicated, controlled by a Cary

temperature controller using 1 cm path length quartz cells.

7.2. General Biochemical Method

Buffers
Chemicals used for buffer preparation were purchased from commercially available
sources.
BTP buffers were prepared by adjusting the pH with concentrated HCI. The following
buffers were used in standard assays for the following enzymes:

E. coli DAH7P(Phe) synthase — SO mM BTP, 10 uM EDTA, pH 6.8 at 25 °C

P. furiosus DAH7P synthase — 50 mM BTP, 10 uM EDTA, pH 7.24 at 60 °C

N. meningitidis KDO8P synthase — 50 mM BTP, pH 7.0 at 30 °C
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Enzymes
Transaldolase, triose phosphate isomerase, and G3P dehydrogenase were purchased

from Sigma Chemical Company.

Purified E. coli DAH7P(Phe) synthase and P. furiosus DAH7P synthase were kindly
supplied by Dr Linley Schofield. The P. furiosus DAH7P synthase was purified and
characterised by Dr Linley Schofield.”® The N. meningitidis KDO8P synthase was
cloned by Dr Mark L. Patchett, and expressed, purified, and characterised by Dr Fiona

Cochrane. These enzymes were kept in aliquots by flash freezing in liquid nitrogen and

stored at -80 °C.

Determination of protein concentration

Protein concentrations were determined by Bradford’s assay.'” Using BSA (bovine
serum albumin) as standard solutions (0.05, 0.1. 0.2, and 0.4 mg/mL), the assays were
carried out by taking standard solutions (100 uL) and by adding the Bradford reagent (1
mL) to diluted unknown samples. The standard solutions and unknown samples were
allowed to stand for 10 minutes, and the absorbance reading was then taken of all the
standards and samples at 595 nm. The reading was corrected against a blank solution
made by milliQ water (100 uL). The concentrations of the unknown samples were

determined from a standard plot.

Enzyme assays — general conditions
All enzyme assays were performed in | mL, [ cm path length, quartz cuvettes. All
buffer solutions and reagents were treated with Chelex 100 resin (Bio-Rad) to remove

metal ions. Solutions were filtered with through a 0.45 um membrane to remove the
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Chelex resin and any particulate matter prior to use. The assays were carried out at 25
°C for E. coli DAH7P(Phe) synthase and at 60 °C for P. furiosus DAH7P synthase. The
assays with N. meningitidis KDOSP synthase were carried out using similar conditions
except the treatment with Chelex was omitted and the temperature at which the assays
were performed was 30 °C. One unit of activity is defined as the loss of 1 umol of PEP

per min at the stated temperature.

Standard enzyme assay for E. coli DAH7P(Phe) synthase, P. furiosus DAH7P
synthase, and N. meningitidis KDOSP synthase

PEP was prepared by dissolving a weighed amount in a measured volume of milliQ
water. The pH of D-E4P, prepared by lead tetraacetate by oxidation cleavage, was
adjusted to around pH 7.0 and the D-E4P solution was kept in the room temperature for
2 hours in order to ensure that D-E4P was in its monomeric form. An accurate
concentration value was determined by measuring the loss PEP when D-E4P was

limiting, these assays were carried out in duplicate.

Standard assay conditions for E. coli DAH7P(Phe) synthase:

E. coli DAH7P(Phe) synthase 0.15U

PEP 150 uM
D-E4P 250 uM
MnSO, 100 uM

Enzyme assays were monitored at 232 nm (o3, = 2.8 a 10’ M'em™'). The standard assay
reaction mixture except enzyme was incubated at 25 °C for 5 minutes and initiated by

adding enzyme.
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Standard assay conditions for P. furiosus DAH7P synthase:

P. furiosus DAH7P synthase 0.018U
PEP 160 uM
D-E4P 250 uM
MnSO, 100 uM

Enzyme assays were monitored at 232 nm (0, = 2.6 o 10’ M'em') and initiated by the
addition of phosphorylated sugar. The standard assay mixture, except for the
phosphorylated sugar, was incubated at 60 °C for 6 minutes before the assay was

initiated.

Standard assay conditions for N. meningitidis KDOS8P synthase:

N. meningitidis KDOS8P synthase 0.0l6 U
PEP 160 uM
D-ASP 200 M

Enzyme assays were monitored at 232 nm (0y3, = 2.8 o 10> M'em) and initiated by
adding enzyme. The standard assay mixture except enzyme was incubated at 30 °C for 6
minutes before the assay.
Thiobarbituric acid assay™'?
Thiobarbituric acid assay reagents:
25 mM sodium periodate (NalO,) in 0.125 N H,SO,
Sodium metaarsenite (NaAsO,) 2 wt %/vol in 0.5 N HCI

Thiobarbituric acid solution (0.36 wt %/vol, pH 9 adjusted with NaOH)
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The enzyme mixture (100 uL) was mixed with water (50 uL) and NalO, (100 puL in
0.125N H,SO,) and the mixture was heated at 60 °C for | hour. The excess oxidising
agent was reduced by the addition of NaAsO, (200 uL). Following the disappearance of
the yellow colour, thiobarbituric periodate solution (I mL) was added and the reaction
mixture was then heated at 100 °C for 10 minutes. While the sample was cooling down

the absorbance of sample was measured at 549 nm (o5, = 1.03 0 10° M cm').

7.3. Experimental for Chapter Two

Titration of lead tetraacetate

A standard solution of sodium thiosulfate (0.02 M) was prepared for the titration. Lead
tetraacetate (0.4 g) was dissolved in glacial acetic acid (20 mL). A potassium iodide
solution (250 mL) was also prepared with potassium iodide (25 g) and sodium acetate
(125 g). Lead tetraacetate solution (I mL) was placed in a 500 mL beaker and
potassium iodide reagent (15 mL) was added. The iodine liberated by the lead
tetraacetate was titrated with sodium thiosulfate (0.02 M) and the endpoint was

measured. This titration was performed in triplicate.

Preparation of p-E4P""

OH O
2_03 PO

OH

148



Chapter Seven EXPERIMENTAL

D-Glu6P (0.34 g, | mmol) was moistened with water (2 mL) and glacial acetic acid (5
mL) was added to the reaction mixture. Sulfuric acid (3 M, 0.17 mL) and glacial acetic
acid (245 mL) were then added to the reaction mixture. A mixture containing sulfuric
acid (3 M, 0.6 mL), glacial acetic acid (40 mL), and lead tetraacetate (1.7 mmol) was
prepared before use, and added dropwise to the D-Glu6P solution over 30 minutes with
vigorous stirring. The reaction mixture was then filtered through a Celite pad. The
Celite was washed three times with water (100 mL) and the filtrate was concentrated
until the volume of the solution reached approximately 20 mL. The concentrate was
then extracted continuously with ether for 15 hours and the volume of the aqueous
solution was reduced in vacuo to give final volume of 25 mL. This solution was stored

in the refrigerator or frozen at -20 °C without further purification.

Preparation of p-T4P

OH O

Z_OSPO\)\‘)LH

OH

Glacial acetic (2.5 mL) was added to D-Gal6P (0.5 mmol) moistened with 1 mL of
water. Sulfuric acid (3 M, 0.085 mL) was added followed by glacial acetic acid (122.5
mL) with stirring. A prepared solution containing sulfuric acid (3 M, 0.3 mL), glacial
acetic acid (20 mL), and lead tetraacetate (0.85 mmol) was added dropwise to the
rapidly stirring D-Gal6P solution for 30 minutes. The reaction mixture was filtered
through a Celite pad and the Celite was washed with water (3 a 100 mL). The filtrate
was concentrated until the volume of the solution reached approximately 20 mL. The

concentrate was then extracted with ether for 15 hours. The ether dissolved in the

149



Chapter Seven EXPERIMENTAL

aqueous layer was evaporated to give final volume of 21 mL. This solution was stored

in the refrigerator or frozen at -20 °C without further purification.

Synthesis of 1,2:3,4-bis-O-(1-methylethylidene)-D-galactopyranose''

e o) 4‘\o><
0 0

ATO

BTE (0.5 ml, 3.95 mmol) was added to D-a-galactose (20 g, 0.11 mol) dissolved in
acetone (AR, 400 mL) under Ar and the reaction mixture was refluxed for 14 hours. The
mixture was then cooled down to -10 °C and NaHCO, (0.5 %, 10 mL) was added. The
solvent was removed in vacuo to give an oily residue. The residue was diluted with H,O
(50 mL) and the aqueous layer was extracted four times with CH,Cl, (50 mL). The
concentrated residue was purified by passage through a silica block (3:2, hexane:
EtOAc) to give 1,2:3,4-bis-O-(1-methylethyledene)-D-galactopyranose (12 g, 41 %) of a
colorless syrup.

Rg (hexane:EtOAc, 1:1) =0.5.

'H NMR (400 MHz, CDCl,): «5.43 (d, J = 5.0 Hz, 1H), 4.49 (dd, J = 5.6, 2.4 Hz, 1H),
4.26 (dd,J =7.4,2.4 Hz, |H), 4.15 (dd, J = 5.6, 1.8 Hz, 1H), 3.59 — 3.70 (m, 2H), 3.74
(m, IH), 2.8 (br, s, IH), 1.37 (s, 3H), 1.32 (s, 3H), 1.29 (s, 6H) ppm. "C NMR (100.613

MHz, CDCl;): a24.7, 25.3, 26.2, 26.3, 62.2, 68.7, 70.9, 71.0, 71.7, 96.6, 109.0, 109.7
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Synthesis of 1,2:3,4-bis-O-(1-methylethyledene)-6-(diphenyl phosphate)-a-bD-
galactopyranose

O

PhO-P-0 & -“O><
OPh o

)

Imidazole (12.53 g, 0.18 mol) and diphenylchlorophosphate (13.3 mL, 64.4 mmol) were
added to 1,2:3,4-bis-O-(l-methylethyledene)-D-galactopyranose (12 g, 46 mmol)
dissolved in dry CH,Cl, (130 mL) at O °C. The reaction mixture was stirred under N, for
| day. The reaction was stopped by the addition of H,O (200 mL), 10 % HCI (100 mL),
and CH,Cl, (200 mL) to the reaction mixture. The aqueous layer was extracted three
times with CH,Cl, (200 mL). The combined extracts were washed with saturated
aqueous NaHCO; (100 mL), H,O (100 mL), and saturated aqueous NaCl (100 mL), and
concentrated. Purification by flash chromatography (2:1, hexane:EtOAc) gave 1,2:3,4-
bis-O-(1-methylethyledene)-6-(diphenyl phosphate)-a-D-galactopyranose (19.4 g, 85
%) as a colourless syrup.

R (hexane:EtOAc, 1:1) = 0.73.

m/z (+ve FAB) (M+H)" C,,H;,O4P, cal. 493.16275, found. 493.16278.

'H NMR (400 MHz, CDCL,): a7.22 (m, 10H) 5.5 (d, J = 4.9 Hz, 1H), 4.56 (dd, J = 5.6,
2.4 Hz, 1H), 4.32 - 4.42 (m, 2H), 4.36 (dd, J =7.4, 2.4 Hz, IH), 4.19(dd, J=6.3, 1.6
Hz, IH), 4.08 (t, J = 6.3 Hz, 1H), 1.44 (s, 3H), 1.40 (s, 3H), 1.28 (s, 6H) ppm. "C NMR
(100.613 MHz, CDCl,): a 24.8, 25.4, 26.3, 26.4, 67.1, 67.9, 70.8, 70.9, 71.0, 96.6,

109.3, 110.0, 120.5, 125.7, 128.0, 128.6, 130.1, 150.9 ppm.
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Synthesis of 1,2:3,4-bis-0O-(1-methylethyledene)-6-(dihydrogenphosphate)-o.-D-
galactopyranose

0
Ho-P-0"~\° ~"O><
H !
O & 0
R

To dissolved 1,2:3,4-bis-O-(1-methylethyledene)-6-(diphenyl phosphate)-a-D-
galactopyranose (3.1 g, 6.28 mmol) in ethanol (99.9 % Abs, 50 mL), PtO, (0.3 g, 1.3
mmol) was added. The reaction mixture was then allowed to stir overnight under
complete H, atmosphere at room temperature. The reaction mixture was filtered and
solvent was evaporated in vacuo to give 1,2:3,4-bis-O-(1-methylethyledene)-6-
(dihydrogenphosphate)-a-D-galactopyranose (2.1 g, 100 %).

m/z (-ve ESMS) (M-H) C,,H,,O,P, cal. 339.95, found. 338.99.

'H NMR (400 MHz, CDCl;): «5.48 (d, J = 5 Hz, 1H), 4.58 (dd, J = 5.6, 2.3 Hz, 1H),
4.28 (m, 1H), 4.27 (m, 1H), 407 (dd, J = 14.1, 7.9 Hz, 2H), 4.02 (t, J = 5.2 Hz, |H),
1.47 (s, 3H), 1.39 (s, 3H), 1.28 (s, 6H) ppm. "C NMR (100.613 MHz, CDCl;): .24.7,

25.3,26.2,26.3,65.7,67.3 (3C), 70.9, 96.6, 109.5, 110.0 ppm.

Synthesis of D-Gal6P

Dissolved 1,2;3,4-O-diisopropylidene-D-6-phospho galactopyranose (2.1 g, 6.2 mmol)

in H,O (20 mL) was stirred at 50 °C for two days. After the deprotection was complete
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observed by disappearance of the acetonide groups by 'H NMR spectroscopy, the
solution was lyophilised without further purification to give D-Gal6P as a white powder
(1.6 g, 100 %).

m/z (-ve ESI) (M-H) C¢H,;0,P, cal. 259.0219, found. 259.0218.
Synthesis of 2,3-O-isopropylidene-diphenylphospho-4-hydroxyl-p-threitol

PhO.J

pho-P —O’\[O><
HO g

2,3-O-Isopropylidene-D-threitol (50 mg, 0.3 mmol) was dissolved in 1 mL of CH,Cl,
under N, at 0 °C. Imidazole (1.24 mmol) and diphenylchlorophosphate (0.3 mmol) were
added, and the reaction was stirred for 1.5 hours under N,. The reaction mixture was
quenched by the addition of H,0O (2.5 mL) and 10 % HCI (2.5 mL). The aqueous layer
was then extracted with CH,Cl,, and the combined extracts were washed with saturated
aqueous NaHCO;, H,0, and saturated aqueous NaCl. Concentration of the washed
organic extracts gave an oil. Column chromatography (1:1, EtOAc:hexane) gave a
colourless oil (56.8 mg, 62.3 %).

R (hexane:EtOAc, 1:1) =0.2.

'"H NMR (400 MHz, CDCl;): & 7.24 (m, 10H), 4.33 (m, 2H), 4.1 (qd, J = 4.5 Hz, 1.1
Hz, 1H), 3.94 (q, / =4.1 Hz, 1H), 3.72 (dd, J = 12.0, 4.2 Hz, IH), 3.59 (dd, J = 12,4.2
Hz, 1H), 3.24 (br, s, 1H), 1.36 (s, 3H), 1.32 (s, 3H) ppm. C NMR (100.613 MHz,
CDCl,): @27.2,27.4, 30.7,62.2,68.4 (d, J = 5.9 Hz), 76.0 (d, J = 7.8 Hz), 77.8, 120.5,

126.0, 130.3, 150.7 ppm.
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ll42

Synthesis of 2,3-O-isopropylidene-diphenylphospho-4-oxo-D-threito

PO S

PhO'P‘O’\[O><
B, s

Dess-Martin periodinane (0.27 mmol) was added to the 2,3-O-isopropylidene-
diphenylphosphono-4-hydroxyl-D-threitol (20 mg, 68 umol) dissolved in CH,Cl, (1 mL)
and the reaction was stirred overnight at 0 °C. Dess-Martin periodinane was then
filtered and washed with CH,Cl, (15 mL). The filterate was washed with saturated
aqueous Na,SO;, H,O, and brine, and concentrated in vacuo. The residual oil was
purified by column chromatography (2:1, hexane:EtOAC) to give 2,3-O-
isopropylidene-diphenylphospho-4-oxo-D-threitol (4.6 mg, 23 %).

Re (hexane:EtOAc, 1:1) = 0.5.

'H NMR (400 MHz, CDCl,): @ 9.72 (s, |H), 7.5 (m, 10H), 4.34 (qd, J = 4.5, 1.7 Hz,
2H), 4.09 (qd, J =4.5, 1.1 Hz, 1H), 3.94 (q, J = 4.1 Hz, 1 H), 1.37 (s, 3H), 1.32 (s, 3H)
ppm. “C NMR (100.613 MHz, CDCl,): a 27.1, 27.1, 30.7, 68.4, 76.1, 81.0, 120.5,

126.0, 130.3, 150.7, 201.1 ppm.

Synthesis of D-threitol 4-phosphate

OH OH
2_03PO

OH

PtO, (0.2 mmol) was added to 2,3-O-isopropylidene-diphenylphospho-4-hydroxyl-D-

threitol (30 mg, 0.1 mmol) dissolved in EtOH (5 mL). The reaction mixture was stirred
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under H, for two days. The reaction was then filtered, and the solvent was evaporated to
give a colourless oil. The oil was then dissolved in water (2 mL) and heated at 60 °C for
| hour. The reaction mixture was concentrated in vacuo to give D-threitol 4-phosphate
(5.5 mg, 27 %).

'H NMR (400 MHz, D,0): «3.77 (m, 2H), 3.64 (qd, J = 6.4, 3.6 Hz, 1H), 3.54 (q, J =
4.2 Hz, 1H), 3.48 (dd, J = 12.8, 4.3 Hz, 1H), 3.40 (dd, J = 13.1, 5.7 Hz, IH) ppm. °C

NMR (100.613 MHz, D,0O): a62.7, 67.0,70.3 (d, J =5.4 Hz), 71.8 (d, J = 8.0 Hz) ppm.

Synthesis of diethyl (2R,3R)-bis(benzyloxy)tartrate'* '

O OBn

EtO OEt

oBn O

D-Diethyl tartrate (8.6 mL, 0.05 mol) was dissolved in CH,Cl, (100 mL) and BnBr
(17.82 mL, 0.15 mol), AgO,'” (24.7 g, 0.106 mol), and KI (1.66 mg, 0.01 mol) were
added. The reaction mixture was refluxed under Ar for 1 hour and filtered over a Celite
pad. The filtrate was then washed with water and dried. The solvent was then removed
in vacuo to give an oily residue. The residual oil was purified by column
chromatography on silica gel (5:1, hexane:EtOAc) to give diethyl (2R,3R)-
bis(benzyloxy)tartrate as a colourless oil (18.9 g, 97 %).

R (hexane:EtOAc, 1:1) = 0.89.

'H NMR (400 MHz, CDCl;): o 7.3 (m, 10H), 4.89 (d,J = 9.6 Hz, 2H), 4.48 (d, J = 9.6

Hz, 2H), 4.42 (s, 2H), 4.23 (dt, J = 8.5, 5.7 Hz, 2H), 4.10 (dt, J/ = 8.5, 5.7 Hz, 2H), 1.21
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(t, J = 5.7 Hz, 6H) ppm. "C NMR (125 MHz, CDCl,): a 14.1, 61.3, 73.2, 78.4, 128.0,

128.3,128.4, 137.0, 169.2 ppm.

Synthesis of (25,35)-2,3-bis(benzyloxy)-1,4-butanediol "'

OBn

HO/\)\/OH

OBn

LAH (0.83 g, 21.85 mmol) was suspended in dry ether (20 mL) and added dropwise
over | hour to diethyl (2R,3R)-bis(benzyloxy)tartrate (3.95 g, 0.3 mmol) dissolved in
dry ether (20 mL) under N, at 0 °C. The reaction mixture was then refluxed for 4 hours.
Excess LAH was destroyed by sequential addition of H,O (I mL), 15 % NaOH (I mL),
and extra H,O (1 mL) at 0 °C. The reaction mixture was filtered through Celite and the
Celite pad was washed with ether. Removal of the solvent in vacuo yielded an oil.
Column chromatography on silica gel (1:1, hexane:EtOAc) gave (2§5,35)-2,3-
bis(benzyloxy)-1,4-butanediol (2.34 g, 76 %) as a white solid.

Rg (hexane:EtOAc, 1:1) = 0.14.

'H NMR (500 MHz, CDCl,): a 7.4 (m, 10H), 4.65 (s, 4H), 3.85 (d, J = 11.6 Hz, 2H),

3.75 (d, J =12 Hz, 2H), 3.73 (m, 2H), 2.44 (br, s, 2H).

Synthesis of phosphoric acid, (25,35)-2,3-bis(benzyloxy)-4-hydroxy-butyl diphenyl
ester

9 OBn
PRO-P-0 Qh
OPh  OBn
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Imidazole (0.82 g, 12 mmol) was added to (25,3S5)-2,3-bis(benzyloxy)-1,4-butanediol
(2.4 g, 8.1 mmol) dissolved in dry CH,Cl, (30 mL) under N, at 0 °C. After the imidazole
had completely dissolved, diphenylchlorophosphate (0.43 mL, 8.1 mmol) was added
and the reaction was then stirred for 4 hours under N,. The reaction mixture was
quenched by adding H,O (5 mL) and 10 % HCI (5 mL) to the reaction mixture. The
organic layer was removed and the aqueous layer was further extracted with CH,CL,.
Concentration of the combined organic in vacuo extracts gave an oil. Column
chromatography (2:3, hexane:EtOAc) gave phosphoric acid, (285,35)-2,3-
bis(benzyloxy)-4-hydroxy-butyl diphenyl ester as a colourless oil (1.2 g, 48 %).

R (hexane:EtOAc, 1:1) =0.54.

m/z (+ve FAB) (M+H)" C;,H,,0,P,, cal. 535.18857, found. 535.18912.

'H NMR (400 MHz, CDCl;): & 7.3 (m, 20H), 4.66 (d, J = 11.6 Hz, 1 H), 4.57 (m, 4H),
4.25(ddd, J =11.0, 6.6, 7.1 Hz, 1H), 3.90 (m, 1 H), 3.74 (m, 1H), 3.63 (m, 2H), 2.90 (br
s, IH) ppm. “C NMR (100 MHz, CDCl;): a.61.0, 68.7 (d, J = 6.5 Hz), 72.9, 73.3, 77.8

(d, J =7.3 Hz), 78.4 ppm.

Synthesis of phosphoric acid, (2R,35)-2,3-bis(benzyloxy)-4-oxo-butyl diphenyl
ester'”

O. OBn o

t

PhO-P-O Z
OPh  OBn

To a stirred solution of phosphoric acid (25,35)-2,3-bis(benzyloxy)-4-hydroxy-butyl
diphenyl ester (0.3 g, 0.56 mmol) in dry CH,Cl, (40 mL), Dess-Martin periodinane

(0.36 g, 0.84 mmol) was added at room temperature. The reaction mixture was refluxed
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for 4 hours and then stirred at room temperature overnight under Ar. Excess periodinane
was quenched with ether (45 mL), the mixture was washed with saturated aqueous
Na,S,0; (40 mL), saturated aqueous NaHCO, (40 mL), water (40 mL), and Et,O (200
mL). The resulting mixture was stirred for 1 hour at room temperature and then
extracted three times with ether (80 mL). The combined extracts were washed with
water and brine, and concentrated in vacuo. The residual oil was purified by column
chromatography on silica gel (2:1, hexane:EtOAc) to give phosphoric acid, (2R,35)-2,3-
bis(benzyloxy)-4-oxo-butyl diphenyl ester (0.26 g, 87 %) as a light yellow syrup.

R (hexane:EtOAc, 1:1) = 0.75.

m/z (+ve FAB) (M+H)" C;;H,0-P,, cal. 533.17292, found. 533.17337.

'H NMR (400 MHz, CDCl;): 9.63 (s, 1H), 7.3 (m, 20H), 4.69 (d, J = 11.8 Hz, 1H),
459 (, J=11.6 Hz, IH),4.51 (d,J =11.6 Hz, 1H), 447 (d. J = 11.6, IH), 4.42, (m,
2H), 4.05 (m, 1H), 3.89 (d, J = 3.8 Hz, I1H) ppm. "C NMR (100 MHz, CDCl,): 0.66.3,

73.5,73.7,77.1,81.9,120.1, 125.6, 128.2, 129.7, 136.9, 150.4, 202.1 ppm.

Synthesis of phosphoric acid (2R,35)-2,3-bis(benzyloxy)-4,4-dimethoxy-butyl
diphenyl ester'"

OBn
OCHj,

o)

I
PhO-P -0

OPh  OBn OCH,

Trimethyl orthoformate (0.124 mL, 1.13 mmol) and H,SO, (0.98 uL, 18.39 umol) were
added to a solution of phosphoric acid, (2R,3S)-2,3-bis(benzyloxy)-4-oxo-butyl
diphenyl ester (60.2 mg, 0.133 mmol) in dry methanol (I mL). The reaction was stirred
overnight at room temperature under argon. The reaction mixture was diluted with ether

(10 mL), H,O (5 mL), and saturated aqueous NaHCO; (3 mL). The aqueous layer was

158



Chapter Seven EXPERIMENTAL

extracted three times with 2 mL of Et,0. The organic extracts were combined and
concentrated in vacuo. The residual oil was purified by column chromatography on
silica gel (2:1, hexane:EtOAC) to give acetal phosphoric acid, (2R,35)-2,3-
bis(benzyloxy)-4,4-dimethoxy-butyl diphenyl ester (49.7 mg, 76 %) as a colorless oil.
Ry (hexane:EtOAc, 2:1) = 0.49.

m/z (+ve FAB) (M+H)™ C;,H,;,O4P,, cal. 601.19673, found. 601.19715.

'H NMR (400 MHz, CDCl,): 7.2 (m, 20H), 4.74 (d,J = 11.4, IH),4.61 (d,J=11. 4
Hz, 1H), 4.51 (d, /= 11.4 Hz, 2H), 4.46 (d, / = 6.1 HZ, 1H), 4.30 (m, 2H), 3.88 (ddd, J
=8.4,5.8,3.5Hz, 1H), 3.5 (dd, J = 6.1, 3.5 Hz, 1H), 3.43 (s, 3H), 3.25 (s, 3H) ppm. "*C
NMR (100 MHz, CDCl;) o 54.8, 56.3, 68.1 (d, J = 6.6 Hz): 71.7, 73.8, 73.8, 74.5, 77.2

(d,J=8.4Hz),77.9, 105.2 ppm.

Synthesis of D-T4P

OH O

2_
OsPO\)\‘/ILH

OH

Protected D-T4P phosphoric acid, (2R,35)-2,3-bis(benzyloxy)-4,4-dimethoxy-butyl
diphenyl ester (49.7 mg, 85.8 umol) was dissolved in methanol (2 mL) and PtO, (19.5
mg, 86 umol) was added. The mixture was stirred at room temperature overnight under
H, (atmospheric pressure). The reaction mixture was filtered over Celite and the solvent
was removed in vacuo to give dimethyl acetal D-T4P (21 mg, 100 %). Dimethyl acetal
D-T4P (21 mg, 85.6 umol) was then dissolved in H,O and stirred for two days. The
progress of the reaction was followed by 'H NMR spectroscopy. After the complete

disappearance of the acetal group was observed by 'H NMR spectroscopy, the yield of
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D-T4P (43.7 umol, 51 %) was determined using the DAH7P synthase assay by
following the loss of PEP at 232 nm (with D-T4P limiting).

m/z (-ve ESI) (M-H)" C,H,O-P,, cal. 199.0008, found 199.0009.

Synthesis of L-T4P

OH O
2— P S,
Os o\/\/lLH

OH

L-T4P (0.12 g, 10 % overall yield) of was prepared starting with L-diethyl tartrate (1
mL, 5.8 mmol) using same method for D-T4P. Intermediate compounds were identified
by NMR spectroscopy, and mass spectrometer showed same spectra and masses to that
of the intermediate compounds for D-T4P.

m/z (-ve ESI) (M-H) C,H,O,P,, cal. 199.0008, found 199.0004.

Alternative enzymic assay system using transaldolase, triose phosphate isomerase,
and G3P dehydrogenase

An alternative assay for D-E4P (or D-T4P) involved observing the oxidation of NADH
(% = 6.2 0. 10° M' cm™) followed by the conversion of D-E4P (or D-T4P) to G3P via
D-glyceraldehyde 3-phosphate and dihydroxyacetone phosphate catalysed by the
enzymes transaldolase, triose phosphate isomerase, and G3P dehydrogenase (Figure
2.7). EDTA, D-F6P, and NADH solutions were freshly made in 50 mM BTP buffer (pH
6.8). The pH of 1 mL of D-E4P (or D-T4P) solution was adjusted to about pH 7.0 with

1 M of NaOH.
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The following assay conditions were used:

EDTA I mM
D-F6P 300 uM
NADH 120 uM
Transaldolase 2U
Triose phosphate isomerase 2Uu
G3P dehydrogenase 0.1U

The reaction mixture except enzymes was incubated at 25 °C for 5 minutes and enzyme
assay was monitored at 340 nm. The assay was initiated by the addition of two units of
triose phosphate isomerase and followed by the addition of 0.1 U of G3P

dehydrogenase. When all G3P had been consumed, two units of transaldolase were then

added.

Coupled assay system using DHQase and DHQS

A coupled assay system using unpurified DHQase and DHQS was performed after
generating DAH7P and D-DLH7P from the D-E4P and D-T4P, respectively in the
DAH7P synthase reaction. The coupled assay reaction was monitored at 234 nm (a3, =

1.2 10*cm” M) following the generation DHS.

The assay solution contained:

MnSO, 100 uM
NAD" 30 uM
DHQase 3 el
DHQ synthase 5 uL

161



Chapter Seven EXPERIMENTAL

A coupled assay reaction mixture contained DAH7P (or b-DLH7P), MnSO,, and NAD"
in BTP buffer at pH 6.8. The total volume was made up to 1 mL with the buffer. The
reaction was initiated by the addition DHQase (5 uL) and DHQS (5 uL), and the

absorbance was measured at 234 nm (oy;, = 1.2 a10* cm™ M.

7.4. Experimental for Chapter Three

Preparation of D-A5P'>*

OH O

2ﬂospo/\MH
OH OH

PEP (0.078 g, 0.34 mmol) and ATP (5.5 mg, 10 umol) were added to D-arabinose (0.05
g, 0.3 mmol) dissolved in H,O (5 mL). MgSO, (17 mg, 0.1 mmol) and KCI (7.45 mg, |
mmol) were then added to this solution and the pH was adjusted to 7.6 with | M NaOH.
2-Mercaptoethanol (0.5 uL, 4.1 umol) and pyruvate kinase (218 U) were added and the
reaction was initiated by adding hexokinase (270 U). The reaction mixture was allowed
to stir for two days at room temperature and the progress reaction was followed by *'P
NMR spectroscopy. After two days, when the complete consumption of PEP was
observed by *'P NMR spectroscopy, the enzymes were removed from the solution by
filtration (10,000 molecular weight cut off device). The reaction mixture was tested
with N. meningitidis KDOSP synthase by following the loss of PEP to form the eight-
carbon sugar KDOS8P. The reaction mixture was then purified by anion exchange.

Purification of the D-ASP on a SourceQ™ anion exchange column was performed at 4
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°C using a BioLogic Duo-Flow FPLC system (Bio-Rad) with detection at 280 nm and
214 nm. The solution containing D-A5P and buffer solutions were filtered before
application to the column. The D-ASP was eluted with a linear gradient of 0-1 M of
NH,HCO,. The filtered sample was loaded to the column using a 500 pL loop. The flow
rate was 0.2 mL/min and 3 mL fractions were collected. The fractions containing D-ASP
were identified followed by the loss of PEP using N. meningitidis KDOS8P synthase.
Fractions containing D-ASP were combined, lyophilised, and stored in the -80 °C
freezer to yield 73 mg (95 %).

m/z (-ve ESI) (M-H) CsH,,0O4P, cal. 229.01 13, found 229.01 19.

*'PNMR (161.9675 MHz) 3.400.

Preparation of p-LSP

OH O

2‘03PO/\MH
OH OH

MgSO, (17 mg, 0.1 mmol) and KCI (7.45 mg, | mmol) were added to a reaction
mixture containing D-lyxose (0.05 g, 0.3 mmol), PEP (0.078 g, 0.3 mmol), and ATP
(5.5 mg, 10 umol) dissolved in H,O (5 mL). The pH was adjusted to 7.6 with | M
NaOH and then 2-mercaptoethanol (0.5 pL, 4.1 umol) and pyruvate kinase (218 U)
were added. The reaction was initiated with adding hexokinase (270 U) and the progress
reaction was followed by *'P NMR spectroscopy. After overnight incubation, another
pyruvate kinase (109 U), hexokinase (135 U), and MgSO, (40 mg, 0.34 mmol) were
added and the reaction was continued. After two days, additional pyruvate kinase (436

U), hexokinase (540 U), and and MgSO, (40 mg, 0.34 mmol) were added. The reaction
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mixture was left for a further four days. When PEP was ceased, the enzymes were
removed for the reaction mixture by filtration (10,000 molecular weight cut-off

163165 5 confirm

filtration device). The reaction mixture was tested with Bial’s reagent
the presence of D-L5P. The reaction mixture was then purified on a SourceQ™ anion
exchange column performed at 4 °C using a BioLogic Duo-Flow FPLC system (Bio-
Rad) with detection at 280 nm and 214 nm. The solution containing D-L5P filtered
previously was eluted with a linear gradient of 0-1 M of filtered NH,HCO,. The filtered
sample was loaded to the column using a 500 uL loop. The flow rate was 0.2 mL/min
and 3 mL fractions were collected. The fractions containing D-L5P were identified with
Bial’s reagent as described below. Fractions containing of D-L5P were combined,
lyophilised, and stored in the -80 °C freezer to yield 58 mg (76 %).

m/z (-ve ESI) (M-H) C;H,,O4P, cal. 229.012, found 229.0115.

*'P NMR (161.9675 MHz) 1.800.

Bial’s reagent assay'®

Reagents for Bial’s assay:

Concentrated HCI 40.7 mL
1 % FeCl, 1 mL
orcinol 0.1g

Purified fractions were assayed treating with Bial’s reagent to determine the presence of
D-L5P. All the reagents were combined and the volume was added up to 50 mL. For
100 uL of sample from purified fraction, 500 uL of the reagent was added and the
reaction mixture was heated at 100 °C for 10 minutes. The assay gave a green colour in

the presence of D-L5P.
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166,167

Synthesis of (-)-1,2;3,4-0O-diisopropylidene-a-D-xylofuranose

oA

—0

O

¥

D-Xylose (1 g, 6.67 mmol) was dissolved in acetone (10 mL, AR grade) and CuSO,
(2.12 g, 13.3 mmol), and H,SO, (107 uL, 2 mmol) were added to the reaction mixture.
The reaction mixture was allowed to stir vigorously under a calcium chloride drying
tube for 28 hours. The mixture was then filtered and the precipitate was washed with
acetone (5 mL). The filtrate was treated with aqueous ammonia (160 uL, 28 %) and the
precipitate was removed by filtration. The precipitate was washed with acetone (5 mL)
and the solvent from the combined filtrates was removed in vacuo to give 1,2;3,4-O-
diisopropylidene-a-D-xylofuranose (1.5 g) of a yellow syrup. Next step was carried out
without purification.

'H NMR (400 MHz, CDCl,): a5.95 (d, J = 3.6 Hz, 1H), 449 (d, J = 3.3 Hz, 1H), 4.30
(s, IH), 3.98 —4.13 (m, 3H), 1.45 (s, 3H), 1.40 (s, 3H), 1.34 (s, 3H), 1.28 (s, 3H) ppm.

C NMR (100.6238 MHz, CDCl,): o 26.6, 27.2, 61.7, 77.5, 78.9, 86.1, 105.3, 112.2

Synthesis of (-)-1,2-O-isopropylidene-a-D-xylofuranose'**'¢’

OH
R
O

=

HO
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The yellow syrup, 1,2;3,4-O-diisopropylidene-a-D-xylofuranose (1.5 g, 6.5 mmol), was
dissolved in 7.5 mL of 0.2 % (v/v) HCI and the reaction mixture was then stirred for 25
minutes at room temperature. The reaction was filtered and neutralised to pH 7 — 8 with
NaHCO,. The solvent was then evaporated with rotary evaporator to give a yellow
slurry. The yellow slurry was washed with 7.5 mL chloroform and filtered. The filtrate
was removed in vacuo to give 0.95 g of 1,2-O-isopropylidene-a-D-xylofuranose of a
yellow syrup. Next step was carried out without purification.

'H NMR (400 MHz, CDCl,): &5.95 (d, J = 3.6 Hz, 1H), 4.50 (d, J = 3.6 Hz, 1H), 4.30
(s, IH), 4.01 —4.14 (m, 2H), 1.46 (s, 3H), 1.29 (s, 3H), ppm. "C NMR (100.6238 MHz,

CDCl,): a25.3,25.8, 64.0, 73.9, 80.0, 84.8, 104.8, 113.0 ppm.
Synthesis of (-)-1,2-O-isopropylidene-a-D-5-diphenylphospho-xylofuranose

I
PhO-P-0

OH
(l)Ph | /O:
(0]

o

1,2-O-Isopropylidene-a-D-xylofuranose (0.95 g, 5 mmol) was dissolved in CH,Cl, (150
mL). Imidazole (1.36 g, 0.02 mol) and diphenylchlorophosphate (1.4 mL, 7 mmol) were
added to the reaction mixture at O °C. The reaction mixture was stirred under N, for 6
hours. The reaction was stopped by adding H,O (10 mL) and 10 % HCI (10 mL) to the
reaction mixture. The aqueous layer was extracted three times with CH,Cl, (50 mL).
The combined extracts were washed with saturated aqueous NaHCO; (20 mL), H,O (2

a 20 mL), and saturated aqueous NaCl (20 mL), dried with MgSO,, and concentrated.
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Purification by flash chromatography (2:3, hexane:EtOAc) gave 1,2-O-isopropylidene-
a-D-5-diphenylphospho-xylofuranose (0.65 g, 31 %) as a colorless syrup.

R (hexane:EtOAc, I:1) =0.5.

m/z (+ve FAB) (M+H)" C,H,,0O4P, cal. 423.12088, found 423.1208.

'H NMR (400 MHz, CDCl;): & 7.3 (m, 10H), 5.85 (d, J = 3.5 Hz, 1H), 4.48 — 4.52 (m,
2H), 4.25 - 431 (m, 2H), 4.07 (d, J = 1.9 Hz, IH), 1.45 (s, 3H), 1.27 (s, 3H) ppm. 3 0
NMR (100.6238 MHz, CDCl;): a26.2, 26.9, 65.2,73.8, 78.8, 85.1, 105.0, 111.9, 120.1,

125.8, 128.0, 128.5, 130.0, 150.3 ppm.

Synthesis of (-)-1,2-O-isopropylidene-a-D-5-phospho-xylofuranose

1,2-O-1Isopropylidene-a-D-5-diphenylphospho-xylofuranose (0.65 g, 1.5 mmol)
dissolved in methanol and PtO, (0.34 g, 1.5 mmol) was added to the reaction, and the
reaction mixture was then stirred overnight under H, atmosphere at room temperature.
The reaction mixture was then filtered and the solvent was removed in vacuo to give
1,2-O-isopropylidene-a-D-5-phospho-xylofuranose (0.42 g, 100 %).

'H NMR (400 MHz, CDCl;): & 5.80 (d, J = 3.7 Hz, 1H), 445 (d. J = 3.7 Hz, 1H), 4.19
(m, 1H), 4.07 (d, J = 2.8 Hz, 1H), 3.98 — 3.80 (m, 2H), 1.27 (s, 3H), 1.11 (s, 3H) ppm

C NMR (100.6238 MHz, CDCl,): a 25.3, 25.8, 64.0, 73.9, 79.9, 84.8, 104.8, 113.0
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Synthesis of D-X5P

1,2-O-Isopropylidene-a-D-5-phospho-xylofuranose (0.42 g, 1.56 mmol) was dissolved
in H,O (15 mL) and stirred for two days at 50 °C. The progress of the reaction was
followed by 'H NMR spectroscopy. After the complete disappearance of the acetonide
group was observed by '"H NMR spectroscopy, the yield of D-X5P (0.26 g, 72 %) was
determined by the loss of PEP in general DAH7P synthase assay test explained in

section 7.2.

m/z (-ve ESI) (M-H) CsH,,O4P, cal. 229.0113, found 229.0113.

Synthesis of L-X5P

OH
OH

q
Ho-p-0” O
OH

L-X5P (0.2 g, 13 % overall yield) was prepared starting with L-xylose (1 g, 6.67 mmol)
following the same procedures for the synthesis of D-X5P. NMR spectra from the
intermediate compounds appeared to be same as those recorded for the synthesis of D-
X5P.

m/z (-ve ESI) (M-H) C;H,,O4P, cal. 229.0113, found 229.0113.
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7.5. Experimental for Chapter Four

Kinetic assays for D-T4P and L-T4P with E. coli DAH7P(Phe) synthase and P.
furiosus DAH7P synthase

The continuous assay method follows the disappearance of the double bond of PEP,
based on the absorbance at 232 nm of PEP and was modified the assay of Schoner and

Herrmann.*

Assays for the determination of E. coli DAH7P synthase kinetic parameters were
performed as previously described."”” The consumption of PEP was monitored at 232
nm (extinction coefficient at 232 nm of 2.8 & 10* M cm™ at 25 °C and pH 6.8). Assays

were initiated by the addition of the enzyme.

To determine kinetic parameters for PEP the reaction mixture contained:
(1) 2.4 mM D-T4P and 6 — 230 uM PEP

(i) 2.4 mM L-T4P and 8 — 305 uM PEP
To determine kinetic parameters for D-T4P and L-T4P the reaction mixture contained:
(i) 112 uM PEP and 0.1 — 2.8 mM D-T4P

(i1) 126 uM PEP and 0.1 — 3.0 mM L-T4P

Assays for the determination of P. furiosus DAH7P synthase kinetic parameters were

performed as previously described.’® The consumption of PEP was monitored at 232 nm
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(extinction coefficient at 232 nm of 2.6 a 10’ M"' cm' at 60 °C and pH 6.8). Assays

were initiated by the addition of the four-carbon phosphorylated sugar.

To determine kinetic parameters for PEP the reaction mixture contained:
(1) 122 uM D-T4P and 9 - 180 uM PEP

(i1) 300 uM L-T4P and 6 — 231 uM PEP

To determine kinetic parameters for D-T4P and L-T4P reaction mixture contained:
(i) 458 uM PEP and 8 — 160 uM D-T4P

(ii) 63 uM PEP and 4 — 160 uM L-T4P

Large-scale syntheses of DAH7P, p-DLH7P, and L-DXH7P

OPO> OH  _opog - o
HO e e HO CO, 7

2-0,P0

DAH7P D-DLH7P L-DLH7P

Large scale enzymatic reactions were performed using E. coli DAH7P(Phe) synthase in
order to characterise the products DAH7P, D-DLH7P, and L.-DXH7P. For the generation
of DAH7P, PEP (28 mg) and D-E4P (21 mg) were dissolved in water (1 mL) and the pH
was adjusted to pH 7.0. For the generation of D-DLH7P and L.-DXH7P, D-T4P (21
mg)/PEP (23 mg) and L-T4P (18 mg)/PEP, respectively, were dissolved in water (1 mL)
and the pH was adjusted to pH 7.0. MnSO, was added to both reaction mixtures (final
concentration of 500 uM). The reactions were initiated by the addition of enzyme (0.7

mg for DAH7P; 0.5 mg for bD-DLH7P and L-DXH7P) and the loss of PEP was

170



Chapter Seven EXPERIMENTAL

monitored for 48 hours at 270 nm. After 48 hours, when the loss of PEP had ceased, the
enzyme was removed by ultracentrifugation. The products were then purified by anion-
exchange chromatography (SouceQ™, Amersham) using ammonium bicarbonate
gradient (O-1 M). The fractions, identified by the presence of DAH7P, b-DLH7P, and L-
DXH7P with thiobarbituric periodate, were pooled, lyophilised, and stored in the
freezer at -80 °C prior to NMR and mass spectral analysis. The following NMR data for
DAH7P, b-DLH7P, and L.-DXH7P are partially assigned only for H3. The spectra are
shown in appendix 3.

DAH7P: m/z (-ve ESI) (M-H) C,H,,0,,P,, cal. 287.02, found. 287.013.

'H NMR (700 MHz, D,0): a-pyranose, 1.71 (dd, J = 13.2, 13.2 Hz, 1H, Hs,), 2.09 (dd,

J =13.2,5.6 Hz, 1H, H,.), a-pyranose a 1.51 (dd, J = 12.2, 11.8 Hz, |H, H,,,), 2.51

3eq

(dd, J =12.2, 44 Hz, 1H, H;,), 3.44 (dd, J =9.4, 9.4 Hz, IH, Hs), 3.75 (d, J = 9.4 Hz,

3eq

1H, Hg), 3.86, (m, 1H, H,), 3.89 (m, IH, H;), 3.95(dd, /= 11.6,5.6 Hz, 1H, H,) ppm.
D-DLH7P: m/z (-ve ESI) (M-H) C,H,,0,,P,, cal. 287.0168, found 287.0123.

'"H NMR (700 MHz, D,O): a-pyranose, 1.84 (dd, J = 12.9, 6.1Hz, 1H, H,,,), 1.89 (dd, J

3eq

=12.9, 12.4 Hz, IH, H;,,), o-pyranose a 1.69 (dd, J = 12.4, 12.4 Hz, I H, H,,,), 2.27 (dd,

J=124,45Hz, IH, H,,), a-furanose 1.99 (dd, /= 14.2,2.9 Hz, IH, H;,),2.5(dd, J =

3eq

14.2, 7.1 Hz, 1H, H,, ), a-furanose 2.23 (dd, J = 13.6, 6.8 Hz, 1 H, H;,), 2.3, (dd, J =

3ax

13.6, 7.1 Hz, IH, H,,), lactones 2.4, (dd, J = 12.2, 7.1 Hz, 1H, H,,,), 2.76 (dd, J = 12.2,

3eq

3.5Hz IH, H,,,) 3.89 (m, 1H,) ppm.

3eq
L-DXH7P m/z (-ve ESI) (M-H) C,H,,0,,P,, cal. 287.0168, found 287.0168.

'H NMR (700 MHz, D,0): a-pyranose, 1.83 (dd, J = 12.8, 5.1Hz, |H, H,,,), 1.87 (dd, J
= 12.8, 12.5 Hz, IH, H;,,), a-pyranose a 1.68 (dd, J = 12.4, 12.4 Hz, |H, H,,), 2.26 (d,

J =12.4,5.0 Hz, IH, H,,,), a-furanose 1.97 (dd, J = 14.3, 3.3 Hz, IH, H,,), 2.48 (dd, J
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= 14.3, 7.4 Hz, 1H, H,,,), a-furanose 2.21, (dd, J = 13.7, 6.5 Hz H, H,,), 2.29 (dd, J =

13.7,7.0 Hz 1H, H,) ppm.

Large-scale synthesis of KDOSP

HO  OPO*"
OH =

HO s
OH

A large scale enzymatic reaction was performed by using N. meningitidis KDO8P
synthase to generate the product KDOS8P from D-ASP. D-ASP (11 mg, 47.3 umol) was
incubated in the presence of PEP (11 mg, 53.4 umol) in water (1 mL). The pH of the
reaction mixture was then adjusted to pH 7.0 and MnSO, (500 uM) was added. The
reaction was initiated by the addition of the N. meningitidis KDOS8P synthase (0.6 mg)
and the loss of PEP was monitored for 8 hours at 270 nm. After 8 hours, when the loss
of absorbance had ceased, the enzyme was removed by ultracentrifugation. The
products were then purified using anion-exchange chromatography with ammonium
bicarbonate gradient (0-1 M) and examined by using thiobarbituric acid assay to
identify the presence of KDO8P. The fractions containing KDOGS8P that tested positive in
this thiobarbituric periodate test were then pooled, lyophilised (given 15 mg), and stored
in the freezer at -80 °C for NMR analysis and mass spectrum analysis. Following NMR
data for KDOS8P are partially assigned only for H3. The spectra are shown in appendix
3.

KDOS8P: m/z (-ve ESI) (M-H) CgH,,0,,P,, cal. 317.0274, found 317.0277.

'H NMR (500 MHz, D,0): a-pyranose, 1.74 (dd, J = 13.0, 5.7 Hz, 1H, H,,,), 1.79 (dd, J

3eq

=13.0, 11.3 Hz, 1H, H,,), a-pyranose a 1.61 (dd, J = 12.2, 12.2 Hz, IH, Hj,,), 2.2 (dd,
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J =122, 8.8 Hz, IH, H,,,), a-furanose 1.92 (dd, J = 14.2, 3.2 Hz, 1H, H,,), 2.45 (dd, J
= 14.2, 7.2 Hz, 1H, Hj,,), a-furanose 2.15, (dd, J = 13.4, 7.0 Hz IH, H,,,), 2.23 (dd, J =

13.4,7.3 Hz I H, H,,,) ppm.

7.6. Experimental for Chapter Five

Kinetic assays for D-ASP, L-XSP with N. meningitidis KDOSP synthase

Assays for the determination of N. meningitidis KDO8P synthase kinetic parameters
were performed by the consumption of PEP monitored at 232 nm (extinction coefficient

at 232 nm of 2.8 a 10* M cm™ at 30 °C and pH 7.0). Assays were initiated by the

addition of the enzyme.

To determine kinetic parameters for PEP the reaction mixture contained:
(1) 80 uM D-A5P and | — 8 uM PEP

(i1) 300 uM L-X5P and | —20 uM PEP

To determine kinetic parameters for phosphorylated monosaccharides the reaction

mixture contained:
(1) 160 uM PEP and 2 — 300 uM D-ASP

(i) 160 uM PEP and 7 — 370 uM L-X5P
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The large scale syntheses of D-DAOSP and L-DGOSP

-
Ho ~ OPOs Ho  OPOs*
HO
HO o O,
HO COy~ HO COy
OH OH
0-DAO8P L-DGO8P

A large scale enzymatic reaction was performed by using E. coli DAH7P(Phe) synthase
for generation of D-DAOS8P from D-R5P, and N. meningitidis KDO8P synthase to
generate the product L-DGOS8P from L-X5P. Purchased D-R5P (3 mg, || umol) and
synthesised [.-X5P (2 mg, 8.7 umol) were incubated in the presence of PEP (3 mg, 14.5
umol for reaction with D-R5P; 2 mg, 9.7 umol for reaction with L.-X5P) in water (1
mL). The pH of the reaction mixture was then adjusted to pH 7.0 and MnSQO, (500 uM,
final concentration) was added. The reaction was initiated by the addition of the E. coli
DAH7P(Phe) synthase (2 mg) for reaction with D-RSP, and the N. meningitidis KDO8P
synthase (0.6 mg) for reaction with L.-X5P. The loss of PEP was monitored for 48 hours
for L-DGOS8P at 270 nm. After 48 hours, when the loss of absorbance had ceased, the
enzyme was filtered off by ultracentrifugation. The products were then purified using
anion-exchange chromatography with an ammonium bicarbonate gradient (O - 1 M) and
examined by using the thiobarbituric assay to identify the presence of D-DAOSP and L-
DGOS8P. The fractions that tested positive in this test were then pooled and lyophilised
to give D-DAOSP (1.7 mg) and L.-DGOS8P (1.5 mg). These white solids were stored in
the freezer at -80 °C prior NMR and mass spectral analysis. Following NMR data for D-
DAOS8P and 1.-DGOSP are partially assigned only for H3. The spectra are shown in
appendix 3.

D-DAOS8P: m/z (-ve ESI) (M-H) CgH,,0,,P,, cal. 317.0274, found 317.0275.
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'H NMR (400 MHz, D,O): a-pyranose o 1.65 (dd, /= 12.7, 12.4 1H, H,,,), 2.0 (dd, J =
12.7, 5.0 Hz, IH, H,,,), a-pyranose o 1.43 (dd, J = 12.3, 12.3 Hz, 1H, Hy,), 2.42 (dd, J
=12.3,4.48 Hz, 1H, H,,) 3.44 (dd, J = 9.5 Hz, 1H, Hy), 3.75 (d, J/ = 10.0 Hz, 1 H, Hy),
3.76, (m, 2H, H,and H-), 3.85 (m, 1H, Hyg), 3.99 (m, IH, Hg.) ppm.

.-DGO8P: m/z (-ve ESI) (M-H) CH,,0,,P,, cal. 317.0274, found. 317.0273.

'H NMR (400 MHz, D,0): a-pyranose, 1.79 (dd, J = 12.3, 4.7 Hz, 1H, H,.,), 1.81(dd,J
=12.3, 10.5 Hz, 1H, H,,,), a-pyranose o 1.61 (dd., J = 12.3, 12.3 Hz, IH, H,,,), 2.18 (s,
IH, Hs,,), a-furanose 1.9 (dd, J = 14.3, 3.4 Hz, 1H, H,,,), 2.42 (dd, J = 14.3, 7.4 Hz, 1H,
H,,,), a-furanose 2.14, (dd, J = 13.5, 7.0 Hz IH, H,,)), 2.23 (dd, J = 13.5, 6.8 Hz 1H,

H3eq) Ppm
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APPENDIX 1 MOLECULAR NOMENCLATURE

APPENDIX 1

Molecular Nomenclature

The numbering system for DAH7P and KDOS8P begins at the carbon atom of carbonyl

group and continue through to the phosphate group:

KDO8P

Isomers of DAH7P and KDOS8P, which appear in this thesis, have been numbered in the

same way.

The numbering used for six-, five-, four-, and three-carbon aldose sugars compounds

and their analogues and derivatives in this thesis are numbered in the same way:

X=Hor OH
Y = H or a phosphate moiety
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TABLE OF AMINO ACIDS

APPENDIX 2

Table of Amino Acids

Amino acid

Symbol

Structure

pK,
(COOH)

pPK,
(NH,)

PK,
(R group)

Alanine

Ala-A

?
HoN-CH-C-OH
CHy

24

9.9

Arginine

Arg-R

i
H N-CHC-OH

1.8

9.0

12.5

Asparagine

Asn-N

i
NH,

2.1

8.7

Aspartic acid

Asp-D

0

H2N-(|3H-C|3I-OH

Gy
0=0
OH

2.0

9.9

3.9

Cysteine

Cys-C

10.7

8.4

Glutamic acid

Glu-E

2.1

9.5

4.1
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TABLE OF AMINO ACIDS

Glutamine

GIn-Q

5
HoN=-CH-C~OH
e
¢r
=0
NH,

22

9.1

Glycine

Gly-G

0
H,N—CH,—C -OH

24

9.8

Histidine

His-H

9
HoN~CH~-C-OH
CH,
N
LN\H

9.3

6.0

Isoleucine

Ile -1

i
H N-CH-C-OH
CH-CHg

23

9.8

Leucine

Leu-L

23

o

Lysine

Lys-K

22

9.1

10.5

Methionine

Met-M

2.1

9.3

Phenylalanine

Phe - F

22

9.3

Proline

Pro-P

2.0

10.6
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APPENDIX 2 TABLE OF AMINO ACIDS

R
HeN—CH~-C-OH
CH,

'
OH

Serine Ser-S 2.2 9.2

%
H,N-CH-C-OH
CH-OH
CHy

Threonine Thr-T 2.1 9.1

Q
H,N-CH—C-OH
Tryptophan | Trp-W Gz 25 94

7
HN

0
H,N-CH-C~OH
CH,
Tyrosine Tyr-Y 22 9.2 10.5

OH

o)

HoN-CH-C~OH
CH-CH,
CH,

Valine vVal-V 2.4 9.7
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APPENDIX 3 NMR SPECTRA FOR DAH7P, D-DLH7P, L-DXH7P, KDO8P, b-DAO8P, AND L-DGO8P

APPENDIX 3

NMR Spectrum for DAH7P, p-DLH7P, L-DXH7P, KDOS8P, p-DAOS8P, and L-
DGOS8P

[ppm]
[ppm]

18

1.5

20

o
IN 0 )N
S & d 3 K
~ o
& E i Q o
a
So S S 8
g
< O
O !
of
e
i © o

204



APPENDIX 3

NMR SPECTRA FOR DAH7P, D-DLH7P, L-DXH7P KDO8P, D-DAO8P, AND L-DGO8P
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APPENDIX 3

NMR SPECTRA FOR DAH7P, D-DLH7P, L-DXH7P, KDO8P, D-DAO8P, AND L-DGO8P
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