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ABSTRACT 

Substrate analogues as mechanistic probes for 3-deoxy-o
arabino-heptulosonate 7 -phosphate synthase and 3-deoxy-o
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 (o-E4P). 3-Deoxy-D-manno-octulosonate 8-

phosphate synthase (KD08P synthase) catalyses a closely related reaction of PEP with 

the five-carbon monosaccharide D-arabinose 5-phosphate ( o-A5P) .  T hese enzymes are 

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

o-Threose 4-phosphate (o-T4P), L-threose 4-p hosphate (L-T4P), D-arabi nose 5 -

phosphate (D-A5P) , D-lyxose 5-phosphate (D-L5P), and L-xylose 5-phosphate (L-X5P) 

h ave been prepared synthetical ly or enzymatical ly  to provide insights into aspects of 

m etal  requirement and substrate specifi c i ty .  T hese compounds were different 

stereoisomers of natural s ubstrates D-E4P and D-A5P. The results presented i n  th i s  

thesi s show that D-T4P and L-T4P (C2 and C 3  stereoisomers of D-E4P) are substrates 

for the DAH7P synthases from E. coli and P. furiosus. For N. meningitidis KD08P 

synthase, natural substrate o-A5 P  and L-X5P (the C4 epimer of D-A5P) were substrates, 

whereas D-L5P, the C3 epimer of o-A5P, was not. T hese observations  show that the 

configuration of the C2 and C3 hydroxyl groups is not i mportant for DAH7P synthase 

reaction, but havi ng the correct configuration at these posi tions is critical for KD08P 

synthase. 

The analysis of the i nteraction of D-T4P and L-T4P with DAH7P synthase, and D-A5P, 

o-R5P, and L-X5P reveals previously unrecognised mechanistic differences between the 

DAH7P synthase-catalysed react ion and that catalysed by the closely related enzyme, 

KD08P synthase. 
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Chapter One 

Chapter One 

INTRODUCTION 

I N TROD UCTI O N  

1 .1 .  The Shikimate Pathway 

The shikimate pathway i s  the biosynthetic pathway responsible for producing aromatic 

compounds .  T h i s  pathway ut i l i ses  o -ery throse 4-phosphate  ( o - E4P) and  

phosphoenolpyruvate (PEP) to  generate chorismate via seven e nzyme-catalysed steps 

(Figure 1 . 1  ) . u 

HO CO - HO,, C02- C02-OH 0 
2-o3PO� . H 

DAH7P synthas: . ;'X..,-2 3-dehydroquinate .. X- deh�se A ( 2-03p0� synthase O�OH - � OH 
D-E4P 

. OH ' 0 . OH 
2-o3royco2- OH OH OH 

11 DAH7P 3-dehydroquinate 3-dehydroshikimate 

PEP KNADPH 
shikimate 

dehydrogenase NADP+ 
co2-J-:2- Jl cz���n;;�e �2- Jl s����se ;::.: - ���:ate J< 

u_. 0 co2- 2-o3PO''.u0 co2- """) 2-0sPO'' �OH ... ( "'\ HO'' �OH - ADP ATP 6H OH OH PEP OH 
chorismate 5-enolpyruvate 

shikimate-3-phosphate 
shikimate-3-phosphate 

Figure 1 . 1 .  The shikimate pathway 

shikimate 



Chapter One INTRODUCTION 

Chorismate is the precursor for the aromatic amino acids, tryptophan, phenylalan ine ,  

and tyrosi ne (Figure 1 .2)1·2 and for many other important aromatic compounds, such as 

ubiquinone and para-aminobenzoate (PABA, Figure 1 .2) .3 In some organisms, there is  

an alternative version of the shik imate pathway that uses imino-D-erythrose 4-phosphate 

( i m i noE4P) as a start i n g  mater i a l .  T h i s  pathway g ives  r i s e  to 3 -amino-5-

hydroxy benzoate (AHBA,  Figure 1 .2), the precursor of the ansamycin antibiotics.  4 

+H3N -CH-C02-I 

0 
phenyla lanine 

0 
H3CO 

H3CO H 
0 10 

ubiquinone 

+H3N-CH-C02-I 

Q OH 

tyrosine 

Q-NH3+ 

para-aminobenzoate 

+H3N-CH-C02-I Eo H 

tryptophan 

& HO''. NH2 
3-amino 5-hydroxybenzoate 

Figure 1 .2. Aromatic compounds derived from the shikimate pathway 

The history of the shikimate pathway 

The sh iki mate pathway i s  named after sh ik imic  acid ,  which was first i solated from 

Illicium religiosum, shi kim i-no-ki (star anise tree) i n  1 885.5 However, the structu re and 

absolute stereochemistry of shikimic acid were not determi ned unti l the 1 930s.6·1 1 I t  was 

not unt i l  the 1 950s that the structure of shik imic acid  was noted to be s imilar to that of 

aromatic compounds and that shikimic acid was identified as an i mportant i ntermed i ate 

2 



Chapter One I NTRODUCTION 

i n  aromat ic  biosynthes is. 1 2- 1 4  3-Dehydroquinate (DHQ),15 3 -dehydroshik imate (DHS),  16 

sh ik imate 3-phosphate, 1 7  5 -eno lpyruvyl  s h i k imate 3 -phosphate ( EPSP),1 8  a n d  

chorismate 19 were all  identified a s  i ntermediates leading to aromat ic  amino acids. The 

two startin g  compounds of the pathway ,  PEP and o-E4P, w ere i dentified by the 

condensation of the two compounds  to give 3 -deoxy-o-arabino-heptulosonate 7-

phosphate (DAH7P) i n  the presence of an Escherichia coli cell-free extract.20'2 1  

Exploration of the shikimate pathway for inhibitor design 

The sh ik imate pathway i s  present i n  plants, microorganisms, and some parasites, but not 

in mammals .\,222-24 Mammals obta in  their aromatic compounds from their d iet, whereas 

aromatic compounds in plants and microorganisms, i ncluding the three aromatic amino 

aci ds found in prote ins ,  are produced via the shik imate pathway. 1 Due to the v i tal role 

of sh ik imate pathway end products i n  prote in  synthesis and other essential b iological 

processes,  i nh ib i tors of the enzymes i n  the shiki mate pathway may prevent growth or 

v irulence of microorgani sms or plants. An example of this is the potent action of the 

herbic ide  Roundup®. The act ive  i ng red ien t  of Roundu p® i s  g lyphosate (N

(phosphonomethyl)glycine), wh ich i nh ib i ts the sixth enzyme, 5-enolpyruvyl shik imate 

3-phosphate synthase (EPSP synthase), of the shik imate pathway.25 A s  wel l ,  glyphosate 

has been shown to i nh ibi t  the growth of several apicomplexan paras i tes that cause 

malaria and toxoplasmosis .22 Therefore, the pathway i s  considered a potential target for 

the development of new antimicrobial and anti parasit ic compounds and of non-tox ic  

herbicides.26 
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Chapter One 

1 .2. DAH7P Synthase 

INTRODUCTION 

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

EC 2. 1 .5 .54) catalyses the first committed step i n  the shikimate pathway. 

DAH7P synthase catalyses an aldol - l ike condensation reaction between D-E4P and PEP 

to give the seven-carbon sugar, DAH7P, and i norgani c  phosphate (P) (F igure 1 . 3 ) .  

There i s  a s imi lar  enzyme, 3 -deoxy-o-manno-octulosonate 8-phosphate synthase 

(KD08P synthase, EC 2 . 1 . 5 .55), w hich catalyses a closely related reaction to DAH7P 

synthase. KD08P synthase catalyses the condensation of the five-carbon sugar, o-

arabinose 5-phosphate (o-A5P), and PEP to form KD08P (Figure 1 .3) .  More deta i l s  of 

KD08P synthase and its relationsh ip  to DAH7P synthase wi l l  be d iscussed i n  section 

1 .3 .4. 

OH Hq OP032-

HO�Co,
KD08P OH 

KOOBP synthase 

47 � 
P; D-A5P 

OH 0 
2-03PO�H 

OH OH 

PEP 

OP032-

DAH7P synthase � \ �0 7 � · H�o�co2-
D-E4P 
OH 0 

2-03PO� . H 
OH 

P, OH 
DAH7P 

Figure 1 . 3. Enzymatic reactions catalysed by DAH7P and KD08P synthases 
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Chapter One 

1 .2 . 1 . Feedback regulation of DAH7P synthase 

I NTRODUCTION 

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.27-29 These three isozymes 

are denoted as DAH7 P( Phe) synthase, DAH7P(Trp) synthase, and DAH7P(Tyr) 

synthase, and they are encoded by the genes aroG,  aroH, and aroF, respectively .30-34 

Feedback inhibition of DAH7P synthase isozymes has been shown to be the major 

regu latory mechani sm for the ent i re shikimate pathway.35 Total cel l ular  DAH7P 

synthase activities are not equal ly  distributed between the three i sozymes. DAH7P( Phe) 

synthase in E. coli accounts for about 79 % of the total enzyme activity , compared to 

D A H7P(Trp) synthase ( 20 %)  and D A H7 P(Tyr) synthase ( 1  %) .36 Therefore, 

DAH7P( Phe) synthase has been the major focus of research studies to date .36·37 

A dditional ly ,  in p lants, the shikimate pathway is responsible for 20 - 30 % of the 

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

i n  the control of cel l ular carbon flux through the pathway.34 

There are some DAH7P synthase enzymes that are not inhibited by aromatic amino 

acids.38 The latest functional studies of the Pyrococcus furiosus DAH7P synthase,39 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.1 The l ack  of feedback inhibition of the P. 

furiosus enzyme can be expla ined by absence of regulatory domains on the P. furiosus 

enzyme. The structural studies and phylogenetic relationship of DAH7P synthases and 

the similar KD08P synthases will be described l ater in this chapter. 
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Chapter One 

1 .2.2. Metal dependence of DAH7P synthase 

I NTRODUCTION 

I n  early studies on metal dependency, the sens i ti v i ty of the enzyme to the presence of 

metal i ons  and to the metal chelator EDT A was noted. I n  these studies, some enzyme 

preparations were found to be i nh ib i ted by chelat ing  agents and react ivated by metal 

i ons,4D42 whereas others were unaffected by either the add ition of chelating  agents or 

metals .43'44 However, the studies were not clear and were confused due to an abundance 

of confl icting evidence.45 For example, the DAH7P synthase from Bacillus subtilis d i d  

n o t  appear to requi re a d ivalent metal i o n  b u t  the three E .  coli i soenzymes were 

activated by a metal cofactor.45'46 I n  more recent studies ,  inc lud ing those on the B. 

subtilis and Helicobacter pylori enzymes, it was shown that a d i valent metal ion i s  

requ i red  for enzymatic activ ity .47'48 I n  the study of B. subtilis, dip icol inic acid (DPA )  

was used a s  a strong metal-chelating agent.47 Using DPA, the metal-bound enzyme was 

inactivated and the i nact ivated enzyme could be reactivated by the addit ion of d ivalent 

Whi le DAH7P synthase appears to have an absolute requ i rement for the presence of a 

d ivalent metal ion, there i s  considerable variation in the abi l i ty of d ifferent metal ions 

to act ivate the enzyme. I n  1 99 1 , Stephens and Bauerle reported on the specifi c  

activation of the three E. coli i sozymes w i th a number of d ivalent metal i ons .46 The 

order  of activity of the three reactivated E. coli i sozymes with the d ifferent metal i on s  

although M n2+ showed the h ighest activity wi th enzyme, enzyme-bound Mn2+ i s  readi ly  
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replaced by other metal ions. I n  contrast, the Fe2+, Co2+, and Zn2+ enzyme complexes are 

considerably less labile. These workers suggested that Fe2+ and perhaps Zn2+, were the 

preferred metal cofactors in vivo based on the presence of these two metals  before 

removal by chelation, on the h igh apparent affin ity of the enzymes for these metal i ons, 

and on their h i gh bioavai lab i l i ty .  They also observed a cooperati ve i nteracti on between 

metal and D-E4P binding to the enzyme and a dependence of KM"-E4P on the i dentity of 

the metal ion .  For example, KMu-E4P for the enzyme-Mn2+ complex was reported to be 

1 70 !J,M, whereas the Fe2+, Co2+, and Zn2+ enzymes had KMil-E4P values of 67 �-tM ,  36 �-tM, 

and 1 6  �-tM,  respectively. The nature of the activating metal ion appeared to have no 

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

Recently, the H. pylori DAH7P synthase has been tested w ith  a vari ety of d i valent 

metal s .48 I n  th is  study, i t  was observed that the Co2+-bound enzyme had the h ighest 

enzyme activ i ty ,  whereas the M n2+, Zn2+, Cd2+, and N i2+ enzymes had 76 %, 5 %, 2 % ,  

a n d  1 %, o f  the Co2+ activated enzyme activ i ty, respectively. The results suggested that 

the preferred metal ion was Co2+ i n  the enzyme assay, w hereas Zn2+, Cd2+, and N i2+ were 

relat ively poor cofactors. Thus,  all DAH7P synthases character ised to date have been 

shown to requi re a d ivalent metal ion for enzymatic activity .  

1.2.3. Mechanistic studies on DAH7P synthase 

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

E4P and the three-carbon compound PEP to g ive a seven-carbon s ugar DAH7P and Pi 

catalysed by the enzyme DAH7P synthase (Figure 1 .4) . 
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PEP 

OH 0 
2-o PO f ll 3 �H 

OAH7P synthase 

OH 
D-E4P 

Figure 1 .4. DAH7P synthase-catalysed reaction 

INTRODUCTION 

DAH7P 

Whi le  many detai l s  of the reaction mechani sm for the DAH7P synthase condensation 

react ion are sti l l  unclear, several studies have provided valuable i nformation. A nalys i s  

of the  products obtained i n  the reaction us ing stereospecifical ly l abelled PEP have 

shown that the addi tion of PEP to o-E4P proceeds stereospecifical l y  wi th the si face of 

PEP attacking the re face of o-E4P to produce a seven-carbon deoxy s ugar of the 

arabino configuration.49·50 In addition, labe l l i ng studies  have shown that, u nl i ke many 

other PEP-uti l i s ing enzymes, the phosphate of PEP is d i rectly released by breakage of 

the C-0 bond rather than the P-0 bond of PEP.5152 I t  has also been demonstrated that 

the reaction mechani sm is  ordered sequential and that PEP i s  the first substrate to b ind 

to  the enzyme and DAH7P i s  the  last product to  leave.53-55 Based on these observations, 

severa l  mechani sms have been proposed. Two poss ib le  mechan isms are show n i n  

Figure 1 .5 .  These differ by the order i n  wh ich water adds to PEP and PEP adds to D-

E4P. 
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I n  path A, the C3 of PEP attacks the meta l-activated carbony l  group on D-E4P 

generating an oxonium ion in termediate ( 1 ,  Figure 1 .5) .34 The  mechan i sm then d iverges 

i nto two ways, an acycl ic pathway (a) and a cycl i c  pathway (b). I n  the acyc l ic  pathway, 

the trans iently formed intermediate i s  attacked by a water molecule forming the lab i le 

acycl ic  hemiketal b iphosphate (2, Fi gure 1 .5) .  This  compound then loses a phosphate 

group to give the open-chain form of DAH7P (3, Figure 1 .5) .  DAH7P i s  then proposed 

to cycl i se to the hemiacetal form of DAH7P (4 ,  Figure 1 .5 )  away from the enzyme 

acti ve s i te .  I n  the cycl ic pathway ,  the C3 hydroxyl group of the D-E4P portion of the 

i ntermediate attacks the oxoni um ion forming the cycl ic  hemiketal b iphosphate (5, 

Figure 1 .5) .  The phosphate is e l iminated to form the cycl ic  oxon ium ion (6, Figure 1 .5) ,  

wh ich i s  then attacked by a water molecule to g ive cycl ic  DAH7P (4, Figure 1 .5) .  

In  the proposed mechanism shown as path B ,56·57 a carbanion i ntermed iate (7, Figure 

1 .5 )  i s  formed by the attack of a hydroxide i on produced by deprotonation of a metal

water complex.  The C3 of the carbanion i ntermed iate then attacks D-E4P forming  the 

acycl i c  phosphate hydrate (2, Figure 1 .5 ). 

Al though there have been a n umber of studies  on the DAH7P synthase-catalysed 

reaction, the nature of the enzyme-bound in termediates in the reacti on is not yet c lear. 

However, formation of an acyc l i c  i ntermediate and acycl ic form of DAH7P i s  now 

favoured as structural studies have i nd icated that the C2 of PEP and the C3 hydroxyl 

group of D-E4P are un l ikely to come i nto close contact. 
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Chapter One 

1.2.4. Active-site studies of DAH7P synthase 

I NTRODUCTION 

Two conserved cysteines have been i dentified i n  the known microbial DAH7P synthase 

enzyme sequences ,  namely Cys6 1 and Cys328 [ E .  c o l i  DAH7P(Phe) synthase 

n umberin g ! .  The role  of both these cyste ines was i n vestigated by both chemical 

modifi cation and s ite-directed mutagenesi s.58-61 From these studies ,  it was found that 

Cys61 was essential for catalytic activ i ty .  This  res idue was subsequentl y  shown to be a 

metal-bindin g  l i gand when the structure of DAH7P synthase(Phe) was solved.Z9 Cys328 

appears to be nonessential but is i nvolved in d isu lfide bond formation wi th Cys61 that 

results i n  loss of enzyme activity_28·29 

Four h ighly conserved h i st id ine residues,  H i s64, H i s 1 72, H is207, and H is268, have 

been i dentified i n  DAH7P synthase [E .  col i  DAH7P(Phe) synthase n umberi n g J .62 

S tructural studies have shown that H is268 i s  located at the active s ite and i s  c lose to 

PEP and al so coord i nates to the d ivalent metal .29 H i s268 i n  DAH7P synthase i s  

homologous to His202 i n  E .  coli KD08P synthase62 and His202 i s  one of the essential 

h i st idines in E. coli KD08P synthase.63·65 H is202 and H is268 have been mutated to Gly 

i n  KD08P synthase (His202Gly) and DAH7P synthase (His268Giy), respectively, from 

E. coli. 63'65 The acti v i ty of the KD08P synthase mutant was s ign ifi cantly attenuated 

relat ive to the w i ld-type activ i ty ,  whereas the DAH7P synthase mutant was i nacti ve 

(Table 1 . 1 ) .  These studies i nd icated that H i s268 i n  DAH7P synthase i s  an essential 

residue for the catalytic reaction of DAH7P(Phe) synthase. 
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Table 1 . 1 .  
Kinetic parameters of wild-type and mutant of KD08P synthase and of DAH7P synthase from E. 

coli. 

kcat 
(s- I ) 

KM monosaccharide 

(�-tMt 

k / K monosaccharide 
cat M 

(s 1 1�-tM-1 t 

a not determined. 
b not active. 

E. coli KD08P synthase65 

w i ld-type His202Gly 

6.8 ± 0.5 0.0 1 6  ±0.007 

33  ± 6  N Da 

0.2 N Da 

E. coli DAH7P synthase63 

wi ld-type H is268Gly 

32 NAb 

86 NAb 

0.37 NAb 

c K M  of D - E4P and D-A5P was measured with DA H7P synthase and KD08P synthase from E. coli, 
respectively. 

1.2.5. Phylogenetic analysis of DAH7P synthase and KDOSP synthase 

DAH7P synthases can be d iv ided  i nto two d ist inct fami l ies based on amino-aci d 

sequence similarity and molecular weight (Figure 1 .6).62'66 These two fami l i es have been 

denoted as type I and type I I ,  and have also been referred to as AroA1 and A roA1 1 •
67'68 E. 

coli, Saccharomyces cerevisiae, Thermotoga maritima, and P. furiosus DAH7P 

synthases are functional l y  and structural l y  known to  be type I enzymes. Type 1 1  

enzymes were ori gi na l l y  descr ibed  as s im i lar to  the  h igh molecu lar we ight  p lant  

enzymes (54,000 Da) and were found i n  several microorgani sms.66 However, as more 

d ivergent microbial enzymes have been found and sequenced, it has been shown that 

type 11  DAH7P synthases have a microbial origin and the plant DAH7P synthases form 

a subset w ithi n  th is  c lass.48'68-70 Whereas most of the mechanistic and structura l  studies 

have been performed on  the  type I DA H7P synthases from E. coli,29·7 1 •72 S . 

cerevisiae,38'73 T. maritima,57 and P. furiosus,39'74 there has been comparat ive ly  l ess work 
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on type II DAH7P synthases .  Recently ,  H. pylori type II DAH7P synthase has been 

purified and characterised,48 and Mycobacterium tuberculosis type II DAH7P synthase 

has been c rystall i sed and i ts structure has been solved.70 

Type I DAH7P synthases are smal l er than type I I  DAH7P synthases and were original ly 

described as protei ns w i th a molecu lar weight l ess than 40,000 Da. Type I DAH7P 

synthases can be further separated i nto two subfami l ies ,  subfamily I�  and subfamil y  I� ,  

based on sequence s imilarity.62 S ubfamily  I� DAH7P synthases have been characterised 

structural l y  and funct ional l y  from E. coli29.4D·44·46·75•77 and S. cerev isiae.  55·78 A l l  

characteri sed I �  DAH7P prote i n s  are metal loenzymes and each d i splays  feedback 

regu l at ion .  In  add i tion ,  the examination of the substrate s pecifi c i ty of E. col i  

DAH7P(Phe) synthases from subfami ly  I �  showed l imited enzyme act iv i ty w ith a range 

of phosphorylated five-carbon monosaccharides.79 S ubfami ly I �  consists exclus ively of 

DAH7P synthase proteins ,  w hereas subfamily I� can be further d iv ided (Figure 1 .6).62·68 

As  we l l  as containing DAH7P synthases (subfamily 1�0), subfamil y  I�  contains KD08P 

synthases (subfamily I�d. 

KD08P synthase catalyses a related reaction to that catalysed by DAH7P synthase, a 

condensat ion reaction between o-ASP and PEP. Al though functional ly  subfami ly  I �  

and subfamily  I �0 are equivalent to each other, catalysing the condensation of PEP and 

o-E4P, subfami ly  1�0 proteins have more s imi larity to KD08P synthases of subfamily 

I�K than to subfami ly  I�  in terms of overal l sequence and structure.62 Subfami ly I �0 

protei n s  are known to be metal loenzymes based on evidence from T. maritima DAH7P 

synthase80 and P. juriosus DAH7P synthase.39 
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INTRODUCTION 

Figure 1 .6. Phylogenetic tree of homology type I proteins consisting of subfamilies IB and I B  
modified from J ensen et a/.68 Subfamily I B  contains only DAH7P synthase proteins and has 
feedback regu l ation. Subfamily I B  consists of subfamily IBo  and subfamily  I B K. representing 
DAH7P synthase and KD08P synthase, respectively .  Among structu rally characterised 
members of subfamily l B .  only T. maritima has feedback regu lation. The white circle indicates 
the hypothetical root. 
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I nterestingly, subfami ly I�K contains  both metalloenzymes and non-metal loenzymes as 

exempl ified by the metal-dependent Aquifex aeolicus KD08P synthase81 '82 and the 

metal-independent E. coli K DOSP synthase,83 respectively .  In  addition, whereas the I�0 

DAH7P synthase from T. maritima i s  subject to feedback i nh ibition,57 the 1�0 DAH7P 

synthase from P. furiosus i s  not, which is  a feature shared by all KDOSP synthases 

characterised to date .74 KD08P synthases appear to have a very narrow s ubstrate 

specificity,  uti l i sing only o-A5P.83-85 

Whi le the exact nature of the phylogenetic relationship between DAH7P synthase and 

KD08P synthase is sti l l  under debate,67'68"86 Subramaniam et al. have proposed that a 

DAH7P synthase i s  the ancestral prote in i n  thi s enzyme family.62 They have suggested 

that the i nitial ancestor was s imi lar to the I �  type of DAH7P synthase, which had metal 

dependency, had broad substrate specifici ty ,  and was not subject to feedback inh ibition. 

However, over a long period of time, gene dupl ication gave a I� type of K DOSP 

synthase that l ost metal dependency and gained altered substrate specifi city. 

The recent studies on the P. furiosus DAH7P synthase39'74 have suggested that thi s  

protein  may represent the closest characterised protein to the ancestral type I DAH7P 

synthase. P. furiosus DAH7P synthase is a metal loenzyme, lacks al losteric inh ibition, 

and has a broad substrate specificity. This substrate ambiguity for P. furiosus DAH7P 

synthase has suggested that KD08P synthase evolved from a P. furiosus DAH7P 

synthase- l i ke ancestor by l os ing the abi l i ty to accept phosphory lated four-carbon 

monosaccharides and by t ighten ing the specific i ty at the C2 hydroxyl group 

configuration. More details of this substrate ambiguity wil l  be d iscussed i n  section 1 .2.7 

for DAH7P synthase and in section 1 .3 .2 for KD08P synthase. 
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1.2.6. Structura l studies of DAH7P synthase 

I NTRODUCTION 

The first structure of the DAH7P(Phe) synthase from E. coli as a Pb2+ and PEP complex 

was determined at 2.6 A resolution by Shumi l i n  et al. in 1 999 (Figure 1 .7) .29 

Fig ure 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 Shumi l in  et al. Although 
the PEP binding site is  clearly defi ned i n  this structu re, the b inding site of o-E4P is less well 
defined . o-E4P has been model led into the active site of the structure in  order to pred ict the key 
binding interactions between this enzyme and its a ldose phosphate substrate. In this model, the 
aldehyde moiety and C3 hydroxyl g roup of o-E4P h ave been placed so as to coord inate to the 
metal ion, Pb2+, and C61 , respectively (these interactions are not shown). The phosphate 
functional ity has been placed at a su lfate b inding site in the orig inal structure. 

The enzyme crystal l i sed as a tetramer, consi stent with a tetrameric state that was 

predicted from solution studies.28'75 However, closer analysis reveal s that there i s  a tight 

dimer interface and the two dimers are l ess tightly associated .  Solution studies  have 

indicated that the tyrosine and tyrosine-sensitive E. coli isozymes are dimers44'76 and the 
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tight dimer of DAH7P(Phe) synthase i s  a close structural analogue of these d imeric 

DAH7P synthase i soforms?9 The monomer of DAH7P(Phe) synthase has a (13/13 )8-barrel 

formed by eight paralle l  13 strands. The active s ite of the enzyme i s  l ocated at the C

terminal end of the 13 strands of the barrel and contain s  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 stab i l isation of the DAH7P(Phe) synthase tetramer: G lu24, 

Lys25, Arg 1 24, and H i s2 1 7 .  I n  thi s structure, PEP is surrounded by s i x  posit ively 

charged res idues: Arg92, Lys97, Arg l 65 ,  Lys 1 86, Arg234, and H i s268 .  Moreover, it 

w as also suggested that a SO/- present in  the active s ite was occupying the posit ion of 

the phosphate group of D-E4P. When the phosphate group of D-E4P i s  located at thi s  

SO/- binding site, o-E4P can be  modelled into a channel, so that the carbonyl of D-E4P 

approaches the C3 of PEP (Figure 1 .7) .  

I n  2002, Shumi l i n  et al.  determi ned the c ry stal structure of DAH7P(Phe)  

synthase-Mn2+-PEP in  complex with i t s  feedback inh ibitor, phenylalan ine,  to  2 .8  A 

resolution.71 The phenylalanine-binding s ite was shown to be in  a cavity formed by 

residues from each monomer of the tight d imer i ncluding an N-terminal extens ion and 

two extra-barrel loops. Comparison of thi s  structure with those determined previously 

reveals that the i nhibitory s ignal from phenylalan ine binding i s  transmitted to the active 

s ite by the movement of four adjacent segments . The movement of these segments 

causes changes to the tight-dimer i nterface and to the enzyme active s i te, which i s  

i mmediately adjacent to thi s interface. These conformational changes i nduced by 

phenylalanine binding s ignificantly alter the substrate b inding properties of the active 

site of the enzyme. In thi s  structure, PEP was observed to bind in a flipped orientation, 

such that the posit ions of the carboxylate and phosphate groups are i nterchanged 
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relative to previously reported structures determined i n  the absence of phenylalanine.  I t  

was  concluded that the displacement of  both Arg99 and  Thr l OO i n  the phenylalani ne

bound enzyme precludes b inding of D-E4P. It is these changes in the abi l i ty to b ind 

both PEP and D-E4P that result i n  enzyme i nhibition. 

Attempts to solve the structure of a catalyti cal l y  acti ve form of the enzyme 

DAH7P(Phe) synthase w ith Mn2+ and PEP were reportedly confounded by unit  cel l  

d isorder. However, recently,  the structure of a catalytical ly active mutant (Glu24Gln) i n  

complex w ith PEP and Mn2+ has been determined to 1 .75 A.72 This  mutant enzyme i s  

reported to have s imilar kinetic properties to those of the wi ld-type enzyme but exists as 

a d imer in  solution due to disruption, by mutation, of electrostatic interactions necessary 

for tetramer formation. In thi s structure, it was observed that the PEP bound at the 

active s i te was twi sted so that its enol and carboxylate planes form a dihedral angle of 

30°,  w hereas the phosphate group i s  t ightly anchored with the side chains of Lys 1 86, 

Arg234, and Arg 165 and the main chain NH of Ala 1 64. In addit ion, seven water 

molecu les  are found to be w ithi n  contact di stance of PEP. Two of these water 

molecules, one that is hydrogen bonded to the carboxylate of PEP and the other that i s  

hydrogen bonded to G l u  1 43 ,  are close enough to the C2 of PEP to potential ly act a s  a 

nucleophi le  in  the reaction mechanism. 

The crystal structure of the S. cerevisiae DAH7P(Tyr) synthase has recently been  

determi ned by Konig e t  al. i n  complex with Co2+, PEP, and the D-E4P analogue, 

glycerol 3 -phosphate (G3P) at 1 .5 A resolution.73 In  the structure, the C l  hydroxy l  

group i n  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 i n  D-
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E4P, was hydrogen-bonded to the main-chain carbonyl group of Pro l l 3 . Pro has been 

found to be a conserved res idue in all DAH7P synthases and is a part of a conserved 

LysProArgThr(Ser) motif found i n  all DAH7P synthases. I n  addition,  two water 

molecules have observed: one is on the si face side of and the other one is on the re face 

s ide of PEP, and were close enough to the PEP to partic ipate i n  the enzymic reaction. 

The water molecule on the si face s ide of PEP was coordinated to the metal ion and 

i nteracted with the carbonyl group of o-E4P. This observation gives a plausible reaction 

mechani sm. In thi s  mechani sm, the metal ion is coordinated to the water molecule on  

the s i  face side of PEP and activates carbonyl group of o-E4P. The C3  of PEP attacks 

from si face s ide onto re face s ide of the metal-activated carbonyl group of o-E4P 

forming oxocarbenium i ntermediate ( 1 ,  Figure 1 .5) .  The intermediate i s  then attacked 

by the water molecule on the re face s ide of PEP to form the acycl i c  hemiketal 

biphosphate (2, Figure 1 .5) .  

Although the PEP binding s ite i s  c learly defined in previously reported structures ,29·7u3 

the b inding site of o-E4P i s  less wel l  defi ned. However, the structure of the DAH7P 

synthase from T. maritima has been determined recently with both substrates, PEP and 

o-E4P, as wel l  as Cd2+ bound at the active site.57 The crystal s were grown at 4 °C, a 

temperature at which thi s  hyperthermophi l i c  enzyme i s  inactive. A lthough this was the 

first structure that contained a metal cofactor and both substrates ,  o-E4P and PEP, the 

enzyme was only part ia l ly occupied by o-E4P and this l i gand was bound i n  an 

unreactive conformation. The active-site structure of T. maritima DAH7P synthase i s  

s imilar t o  that of E .  coli and S .  cerevisiae DAH7P synthases ( subfami ly  I�  DAH7P 

synthase enzymes). However, the overall structure of T. maritima DAH7P synthase i s  

more s imilar t o  those of the E .  coli and A .  aeolicus K D08P synthases (subfami ly  Ij3K 
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KD08P synthases) than to those of the E. coli and S. cerevisiae DAH7P synthases. In  

addit ion,  although T. maritima DAH7P synthase has  tyros ine and phenylalanine 

feedback regul ation, i t  lacks the extended loops found i n  the 1 (3  DAH7P synthase 

enzymes and has a different N-terminal extension suggesting a different mechan ism 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.74 As w ith the T. maritima enzyme, P. furiosus DAH7P synthase 

had a very s imi lar 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 s hort KD08P synthase- l i ke l oops consi stent w ith the l ack  of feedback 

regulation as seen w ith type I(3 DAH7P synthases .  Moreover, the P.  furiosus DAH7P 

synthase lacks the 70 amino-acid  ferrodox in- l i ke N-terminal domain that has been 

implicated in feedback regulation by T. maritima DAH7P synthase, and the 40 amino

aci d  N-terminal extension that is involved, along with the extended loops, in feedback 

inh ibi tion by E. coli and S. cerevisiae DAH7P synthases. In the studies  of the P. 

furiosus DAH7P synthase structure, the s i x  known structures of DAH7P and K D08P 

synthases were compared; two from subfami ly  1 (3  DAH7P synthases (E. coli and S .  

cerevisiae), two from 1(30 DAH7P synthases ( T.  maritima and P .  juriosus), and two 

from 1 (3K K D08P synthases (E. coli and A .  aeolicus) (Fi gure 1 . 8) .  Th is  analys i s  has 

shown that 1 (3K KD08P synthase enzymes have shorter loops than 1(3 DAH7P synthase 

enzymes and that the overall structures of the 1(30 DAH7P synthase enzymes are closer 

to those of the 1 (3K K D08P synthase enzymes than to the 1(3 DAH7P synthases. More 

deta i l s  of the comparison between DAH7P and KD08P synthases are d i scussed i n  

chapter six.  
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F igure 1 . 8 .  The monomer structures of (a) E. coli DAH7P(Phe) synthase, (b)  S. cerev1s1ae 
DAH7P(Tyr) synthase, (c) T. maritima DAH7P synthase, (d) P. furiosus DAH7P synthase, (e) E. coli 

KD08P synthase, and (f) A. aeolicus KDOBP synthase. Taken from Schofield et al. 74 The views of 
the structures are looking down their (�/� )8-barre l .  The overal l  structures of T. maritima and P. 
furiosus DAH7 P  synthases appear to be more s imi lar  to those of E. coli and A. aeolicus KDOBP 
synthases than those of E. coli and S. cerevisiae DAH7P synthases . The hel ices and loops are 
h igh l ighted in b lue and the N-term inal extension, along with extended loops, is h igh l ig hted in red .  
The extra extension and loops are impl icated i n  feedback regu lation . P. furiosus DAH7P synthase, 
and E. coli and A. aeolicus KDOBP synthases do not have feedback regu lation and lack N-terminal 
extensions. Note that the structure of Neisseria meningitidis KDOBP synthase is not shown . 
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1.2.7. Substrates and analogues for DAH7P synthase 

INTRODUCTION 

Substrate analogues are considered a s ign ifi cant too l  for studying enzyme-substrate 

i nteractions 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 w ith varying degrees of efficiency .74·79 

Analogues of PEP 

There has been significant i nterest i n  the synthesis of analogues of PEP (Figure 1 .9) due 

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

(Z)-3-fluoroPEP (E)-3-fluoroPEP (Z)-3-bromoPEP 

(Z)-3-methyiPEP (Z)-3-chloroPEP 

Figure 1 .9 .  Analogues of PEP 

The synthesis of a n umber of PEP analogues has been described i n  earl ier studies .88 

Both i somers 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 reversi ble  competit ive inh ibitors w ith respect to PEP, 

showing that size of substituent has a large bearing on s ubstrate reactiv i ty (Table 

1 .2). 87,88 

Table 1 .2 .  
Kinetic parameters of analogues of  PEP as substrates and  inhibitors of  E. coli DAH7P(Phe) 

synthase87 

KM (�-AM) Kj (�-tM) kcat (S-1) 
PEP 2.0 ± 0.2 7 1  ± 3 

(Z)-3-fl uoroPEP 1 8  ± 1 4. 1 ± 0.2 

(E)-3 -fluoroPEP 4.0 ± 0.4 1 .0 ± 0.2 

(Z)-3-chloroPEP 3 1  ± 6 

(Z)-3-methylPEP 1 60 ± 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-d ideoxy-5-phosphono-D-erythro-pentose) (Figure 1 . 1 0).89 

The Vmax values determined for phosphonate and homophosphonate were approximately 

5 % and 30 % of that obtained using D-E4P as a substrate, respectively .  

It  has  al so been shown that the DAH7P(Phe) synthase from E.  coli can uti l i se D-ribose 

5 -phosphate (D-R5P), D-A5P, and 2-deoxy-ribose 5-phosphate (2-deoxyR5P) (Figure 

1. 1 0) as alternative substrates to D-E4P.79'86 All these phosphorylated monosaccharides 

are one carbon unit l onger 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.74·90 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 . 1 0) .  Further work on analogues of D-E4P 

i s  presented in chapter two of this thesi s .  

O H  OH 
2-o3p� 

: 0 2-o PO f 3 �0 2-o3PO� ' 0 
OH OH 

4-deoxy-4-phosphono· 
D-erythro-tetrose 
(phosphonate) 

4,5-dideoxy-5-phosphono· 
D-erythro-pentose 
(homophosphonate) 

OH 0 
2-o3PoYYH 

OH OH 

OH 0 
2-03PO�H 

OH OH 
D·R5P D·A5P 

2-deoxyE4P 3-deoxyE4P 

OH 0 
2-03PO�H 

OH  
2-deoxyR5P 

Figure 1 .  1 0. Analogues of o-E4P 

1.3. KD08P Synthase 

Broadly,  Gram-positive (G+) and Gram-negative (G-) bacteria are d istinguished by the 

G ram sta in .  The difference between G+ and G- bacteria i s  in the organi sation  of 

structures outside the phosphol i pid bi layer plasma membrane. In G- organisms, such as 

E. coli, the structures outs ide the plasma membrane constitute the cel l envelope, 

w hereas in G+ organisms they make up the bacterial cel l  wal l .91 The G- bacteria cell ular 
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envelope contains a much smal ler peptidoglycan layer than G+ bacteria (Figure 1 . 1 1 ) . 

Inner mem brane � 
I 

0 arntlgen 
repeat 

Heptose 
Glucose � Outer 
Cal.ae�ose 1 core 

Heptose 1 In ner  Porin Kdo J core 

<:><;>o {) � <:>-<:> 

• • c;.(\·;> I<.> . . �, .�� . no . . :: , . 
I • ! I I 1 '  • � �) • ' I . I t' .. 

' 1 1 I ' I I . , ' I ' , 1 1 ' ,· I I '  I 
, , I . , . : · ·  1 . . .  1 · , · · 1 . i , r 11 • 1 

' " I I I I : :  I •  ! I .  I I . . . uu . . . . . . . . . . u . . \..__). ·��· C) Cytoplasm \___,} 

Li pid A 

Pepti dog I ye an 

M OO 

Phospholipid 

Proto.n 

Figure 1 . 1 1 .  Schematic molecular model of the i nner and outer membranes of E. coli K-1 2 .  
Taken from Raetz and Whitefield.91 

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 resi stance to such agents. Th i s  outer membrane i s  composed of a non-

symmetrical bi layer of phosphol ipid  ( interior) and l ipopolysaccharide (LPS ;  exterior, 

Figure 1 . 1 1 ) . The un ique LPS layer, a l so referred to as bacterial endotoxin ,  i s  

respons i ble  for G - i nfections caus ing pathophys iol ogical di sease.91 LPS i s  an 

amphipathic molecule consisting of a hydrophobic head cal led l i pid A ( Figure 1 . 1 2), 

which possesses  most of the b io logical acti v it ies of LPS, and a hydroph i l i c  
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polysaccharide tail .  S ince the biosynthesis of LPS is known to be unique to G- bacteria, 

and G- bacteria requ i re LPS for their growth and virulence, LPS biosynthes is  has been 

identified as a target for the development of novel antibacterial agents.92·93 

1 4  

0 
11 P··OH 
1 OH 

Figure 1 . 1 2 . Structure of KDOrlipid A in E. coli K-1 2 .  The n umbers denote the n umber of 
carbon atoms of the fatty acid. Taken from Raetz and Whitefield 91 

There are four untque components i n  the structure of LPS : i )  l ip id  A, i i )  R -3 -

hydroxymyristate in  the l ip id A region, i i i )  L-glycero-D-manno-heptose (GMH) i n  the 

core polysaccharide region, and iv) 3 -deoxy-D-manno-octulosonic acid ( KDO) i n  the 

core polysaccharide region.94 Inhibit ion of the b iosynthesis of KDO i s  an excel lent 

chemotherapeutic target, s ince KDO is a s ite- specific  molecule found in G- organisms 

and i s  required for l i pid  A maturation and cel l ular growth.94 Thus, synthetic i nh ibitors of 

KDO biosynthes is  have been designed.94-% The biosynthesis and uti l i sation of KDO can 

be envisioned as an essential minor branched pathway in carbohydrate metabol i sm i n  G-
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bacteria. Most of the enzymes i n  the pathway have been i solated and purifi ed to 

homogeneity, and some elementary inhibition studies have been initiated.94 

K D08P synthase i s  the key enzyme in  the biosynthes is  of LPS i n  the majority of G-

organi sms and for control l ing the carbon flow i n  the biosynthetic formation of KD0.95-98 

KD08P synthase catalyses the condensation of D-A5P and PEP to give KD08P (Fi gure 

1 . 1 3) .  KD08P i s  dephosphorylated by the next enzyme in the pathway to generate 

KDO. 

+ 

PEP 

OH 0 
2-o3PO�H 

OH OH 

D-A5P 

KDOBP synthase 
OHHq OPO}-

HO�CO,
OH 

KD08P 

Figure 1 . 1 3. KD08P synthase-catalysed reaction 

+ 

Al l  KD08P synthases were in itially thought to be non-metal loenzymes,  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 KD08P synthases are metal-

dependent.43·86·99· 100 In addition, these enzymes do not have any feedback i nh ibitors i n  

contrast to most of the DAH7P synthases?4 A lthough DAH7P synthase and KD08P 

synthase belong to unrelated biosynthetic pathways, both enzymes appear to share 

mechani stic s imilarities for the condensation between PEP and an aldose phosphate. 
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1 .3. 1 .  Mechanistic stud ies of KD08P synthase 

I NTRODUCTION 

Like DAH7P synthase, KD08P synthase catalyses an unusual aldol - l ike condensation 

between D-ASP and PEP to give KD08P w ith the release of phosphate.83 The KD08P 

synthase react ion has also been  shown to fol low an ordered sequential  kinetic 

mechanism in which PEP binds first, fol lowed by D-ASP, with Pi released prior to the 

final product, KD08P. 101 From an early study using specifical ly labelled 1 1 80 I-PEP as a 

substrate for KD08P synthase i n  the enzymatic reaction, i t  i s  now known that the 

mechanism i nvolves the C-0 c leavage of PEP in stead of P-0 bond cleavage. 102 

Additionally, the KD08P 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 label led 3 -deutero and 3-fluoro analogues of PEP 

as alternative substrates for the E. coli KD08P synthase. 103 w8 

As for DAH7P synthase, two distinct mechani sms for the KD08P synthase reaction 

have been proposed i nvolvi ng either the generation of a cyc l ic  or  an acycl i c  

intermediate (Fi gure 1 . 1 4). 102, 109 These intermediates would then give rise to  the cycl ic  

or open-chain forms of K D08P, respectively . 

The acycl ic mechanism (Path A) was suggested i nitial ly by Hedstrom and Abel i n  

1 988. 102 They proposed that the condensation of PEP and D -ASP to form K D08P 

proceeds via attack by water at C2 of PEP and by C3 of PEP on C l  of D-ASP. They al so 

determined that the reaction is essentiall y  i rreversible, meaning that the enzyme-bound 
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I KDOBP synthase 

� /w 
Path S� 

2 

INTRODUCTION 

�
�0-
r!P032-

HO�oH 

co2-
KoosP 

Figure 1 . 1 4 .  Proposed m echanism of KD08P synthase. Note that steps i nvolved in the loss of 
the phosphate are not shown. Taken from Bassov et 

a/. 1 06 

i ntermed iate cannot be examined under equ i l i br ium conditions .  Therefore , the 

mechanistic proposal s have been based on the results of possible i ntermediate mimics 

and examination of reaction of the various analogues of o-ASP, analogues of PEP, and 

analogues of KD08P.94' 1 02· 105� 1 18 One of these analogues, 4-deoxy-arabinose 5-phosphate 

(4-deoxyASP, Figure 1 . 1 5), was prepared for a mechanistic study i n  order to determine 

whether the cycl ic furanose form or the acycl ic form of o-ASP (Figure 1 . 1 5) was the 

substrate for the enzyme. 1 1 1  Examination of the 4-deoxy ASP with the enzyme revealed 

that 4-deoxyASP has a s imi lar kcat value ( 1 1 ± 0.4 s· 1 ) to the original substrate o-ASP 

(7 ± 0.4 s�1 ) ,  suggesting that the enzymatic reaction util i ses the acyclic form of o-ASP. 
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OH 0 
2-03PO�H 

OH OH 

o-A5P acyclic form 

2-o PO 3 1_-o� 
�H 
OH 

o-A5P cyclic form 

OH 0 
2-03PO�H 

OH 

4-deoxyASP 

Figure 1 . 1 5. Analogues of o-A5P 

I NTRODUCTION 

0 
2-o3PoTYH 

OH OH 

3-deoxyASP 

A series of experiments on the E. coli KD08P synthase with inhibi tors and alternative 

substrates had favoured the cyclic mechanism (Path B in Figure 1 . 14 ). 94 The observation 

that 3-deoxy-arabinose 5-phosphate (3-deoxyA5P, Figure 1 . 1 5 )  was neither a substrate 

nor an inhibitor for E. coli KD08P synthase led to the proposal that the reaction may 

pass through a cyc l ic  i ntermediate (2 ,  Figure 1 . 1 4) .94 In support of the cycl i c  

mechani sm, the 2-deoxy cycl ic  analogues ( 3  and 4, Figure 1 . 1 6) of the product both 

s howed moderate i nh ibit ion of the enzyme (Ki val ues of 303 [! M  and 470 [! M , 

respectively), whereas the i sosteric phosphonate analogue (5, Figure 1 . 1 6) of the cycl i c  

i ntermediate was considerably more potent (Ki = 5 !-!M). m However, when the putative 

3 4 5 

Figu re 1 . 1 6. 2-Deoxy cyclic analogues and an isosteric phosphonate analogue of KD08P 
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cycl ic  i ntermediate (2,  Figure 1 . 1 4) was synthesised and e xamined as an alternative 

substrate for the enzyme, this compound was not a substrate . 1 13 Thi s  strongly suggests 

that cycl i c  i ntermediate is not involved i n  the enzyme-catalysed reaction and supports 

the acycl i c  mechanism orig inal ly proposed by Hedstrom and Abeles (Path A in Figure 

1 . 1 4) . 102 In addition , the first acycl ic b isubstrate inhib itor of E. coli KD08P synthase 

(Figure 1 . 1 7 )  has been synthesised and shown to be the most potent i nhibi tor of the 

enzyme reported to date (Ki = 0.42 !l M ) . 105' 1 1 5' 1 19 This analogue mimics the positive 

charge of the putative acycl ic  oxocarbenium intermediate (Figure 1 . 1 4) .  

Figure 1 .  1 7 . Acyclic bisubstrate inh ibitor of KD08P synthase 

Despite all of the evidence for an acycl ic mechanism, there i s  sti l l  no evidence for the 

existence of the acycl ic  i ntermediate as a true enzymatic i ntermediate. However, i n  

recent studi es, the hemiketal phosphate i ntermediate ( 1 ,  Figure 1 . 1 4) has been identified 

using time-resolved electrospray ion isation mass spectrometry (ESI-TOF MS). 120 This  

experiment allows direct detection of the enzyme-intermediate complex on a very short 

m i l l i second l ifetime scale.  Consequentl y ,  th is  resu l t  has supported the acyc l ic  

mechanism for KD08P synthase and, by  analogy, it has been assumed that DAH7P 

synthase also catalyses its reaction through an acycli c  mechanism. 
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Figure 1 . 1 8 . Two proposed elementary stefs for the formation of a l i near  i ntermediate of 
KD08P synthase. Taken from Shu lami et a/. 1
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S ince the structures of two different KD08P synthases, one metal- independent and the 

other metal -dependent, have been determined, 12 1 - 125 new mechani sms  have been 

proposed depending on the presence or absence of metal at the active s ite (Figure 1 . 1 8) .  

The metal - i ndependent KD08P synthase has  been postulated to fol low the l i near 

mechanism via a transient oxocarbenium i ntermediate (Path D in Figure 1 . 1 8) . 1 23 In  thi s  

mechanism, the initial attack of the s i  face of the PEP double bond to the re face of  the 

carbonyl of D-A5P gives the acycl ic  oxocarbenium i ntermediate ( 1 ,  Figure 1 . 1 8) .  The 

cation i s  then attacked by a water molecule resulti ng in  the formation of the acycl ic  

biphosphate intermediate (2,  Figure 1 . 1 8) .  I n  contrast, for metal -dependent KD08P 

synthases (Path C in  Figure 1 . 1 8) , 125 a hydroxide ion produced by deprotonation of a 

metal-water complex attacks C2 of PEP formi ng a carbanion intermediate at C3 of PEP 

(3 ,  Figure 1 . 1 8) .  The carbonyl of D-A5P could then attacked by the carbanion to 

produce a l inear form of KD08P. 

More recently, it has been demonstrated that a metal-dependent KD08P synthase can be 

converted to a metal- independent KD08P synthase retaining about l 0 % of wi ld-type 

maximal activity in the absence of metal ions . 126' 1 27 This change takes place by a s ingle 

mutation to the metal-binding cysteine to give an asparagine in  its place. An asparagine 

at thi s  position is absolutely conserved in  al l  metal-independent KD08P synthases. This 

result  s uggests that the metal i on is not di rectly i nvolved in the metal -dependent 

KD08P synthase reaction. Therefore, the suggestion that a d ivalent metal ion provides a 

hydroxide ion,  w hi ch l eads to the formation of the C3 carbanion (Path C i n  Figure 

1 . 1 8), 125 might be l ess plaus ib le  than i ni t ia l ly  thought. These exper iments and 

observations support a common mechani sm for both metal- independent and metal

dependent KD08P synthases in  which a transient oxocarbenium i ntermediate forms at 
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C2 of PEP from combination of PEP with o-ASP. This is supported by the results and 

analysis presented i n  this thesis  as described i n  chapter six.  

1.3.2.  Substrata specificity of KDOSP synthase 

As KD08P synthase appears to be h ighly related to DAH7P synthase , any study of 

DAH7P synthase needs to consider s imi lar work on KD08P synthase. The substrate 

specificity of DAH7P synthase, to date, has been examined w ith E. coli DAH7P(Phe) 

synthase and P. furiosus DAH7P synthase.84'79 Both studies showed that KD08P can be 

formed from o-ASP (or other five-carbon sugars) and PEP using DAH7P synthase, 

whereas E. coli KD08P synthase cannot catalyse the formation of DAH7P from o-E4P 

and PEP.84"85 Recently, it has been reported that o-RSP, which has the same C2 hydroxyl 

group configuration as o-E4P (but opposite to the C2 hydroxyl group configuration of 

o-ASP), i s  not a substrate of A .  aeolicus KD08P synthase. 125 Additional ly,  neither 2-

deoxyRSP nor 3 -deoxyAS P act as alternative substrates, b ut 4-deoxyA S P  i s  an 

alternative substrate of the E. coli KD08P synthase enzyme.94. 1or I t  has al s o  been 

demonstrated that both E. coli and A. aeolicus KD08P synthases cannot uti l i se either 

four- or s i x-carbon sugars as alternative substrates.84"85'94 Col l ectively, these results 

suggest that KD08P synthase i s  more substrate specific than DAH7P synthase. 

1.3.3. Structural studies of KDOSP synthase 

Although DAH7P synthase and KD08P synthase are functionally unrelated enzymes, 

the mechani st ic s imi lariti es suggest that both enzymes have a common ancestor, as 

described in  section 1 .3 . 1 .  Moreover, the structural studies of DAH7P synthase29·56•57·7 1 -74 
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and KDOSP synthase 12 1� 125 have revealed that the structure of DAH7P synthase (from E. 

coli, S. cerevisiae, T. maritima, and P. furiosus) is s imi lar to that of KDOSP synthase 

(from E. coli, A .  aeolicus, and N. meningitidis) ( structures are shown in Figure 1 . 8 ) .  

B oth E.  coli and N. meningitidis KDOSP synthases are metal- independent enzymes, 

12 1 � 123· 128 whereas A .  aeolicus KDOSP synthase i s  a metal-dependent enzyme.86" 124 

The first structure of a metal- independent KD08P synthase from E. coli was determined 

at 2.4 A resol ution in 2000. 12 1 Th is  study demonstrated that KDOSP synthase is a 

homotetramer i n  which each monomer i s  a (�/� )8-barrel . The KDOSP synthase cry stals 

were grown in  1 .4 M (NH4)2S04 and 0.4 M ( K/H)3P04 (pH 7.5) .  Two SO/-IHPO/- sites 

were found in the structure and these were proposed to represent the binding sites for 

the phosphate groups of D -A5P and PEP. The d i stance between the D-A5P and PEP 

phosphate groups in this model structure was 1 3  A supporting the original hypothesis 

that KDOSP synthesi s  proceeds via an acyclic i ntermediate. 

In 200 1 ,  Asojo et al. solved the crystal structures of K D08P synthase from E. coli i n  

complex w ith substrate PEP and i n  complex w ith a mechanism-based inhibitor (Figure 

1 . 17)  to 2 .8 A and 2 .3  A resolution, respectively . 123 The overal l  structures of these 

complexes were shown to be very s imi lar to the structures from Radaev et a/. , 1 2 1 

confi rming that KDOSP synthase i s  homotetramer. In  the fi rst structure, KDOSP 

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 (Hi s202, Lys 1 38, Arg 1 68,  
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and Gln 1 4 l  on the si face of PEP; Arg63 and Asn62 on the re face of PEP). In the i r  

second structure, the KD08P synthase-inhibitor complex,  the phosphate group from the 

PEP moiety in the inh ibitor is hydrogen-bonded to H is202, Arg 1 68,  and Gln l 4 1  and the 

o-A5P portion of the inhibitor was stretched out along the active site cleft. Also, it was 

observed that whereas, in the o-A5P portion of the inhibitor, the two hydroxyl groups at 

C2 and C3 formed hydrogen bonds with residues Pro252, Gln205, and Gly25 1 ,  the C 1 

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

The structure of the metal -dependent KD08P synthase from A .  aeolicus has recently 

been determined to 1 .9 A for substrate-free enzyme with and without Cd2+. 124 The 

structure of the enzyme has a lso been solved i n  complex with PEP, PEP-Cd2+, o 

A5P-Cd2+, and o-A5P-PEP-Cd2+ . It i s  noteworthy that two water molecules, one that i s  

o n  the s i  face of PEP and the other one that i s  on the re face of PEP, were also found i n  

the structures of the enzyme-PEP-Cd2+, the enzyme-PEP, and the enzyme-o-A5P-PEP

Cd2+ complexes and were c lose to C2 of PEP i n  van der Waals contact. In the KD08P 

synthase-o-A5P-PEP-Cd2+ complex,  the water molecule on the si face of PEP w as 

observed to be hydrogen-bonded to a water molecule coordinated to Cd2+. 

Furthermore, the structure of A .  aeolicus KD08P synthase in complex w ith o-R5P has 

also been determined by Wang et a/. 125 o-R5P is not a substrate for thi s  enzyme and has 

the oppos i te configuration at C2 to substrate o-A5P. In  this structure, the water 

molecule hydrogen-bonded to the C2 hydroxyl group of o-A5P and coordinated to the 

metal is not present. The absence of this water molecule was considered to account for 

the i nabi l i ty of o-RSP to act as a substrate for KD08P synthase. Based on these 

observations, Wang et al. proposed a possible mechanism for KD08P synthase. In their  
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mechani sm, the water molecule on the si face of PEP i s  activated by the d ivalent 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 i n  the 

formation of the l inear i ntermediate ( Path C in Figure 1 . 1 8) . 1 25 

In  contrast to the E. coli KD08P synthase where there i s  no metal bound, there are 

several resi d ues  that serve as metal -bind ing l igands at the active s ite of KD08P 

synthase from A. aeolicus. 1 24 These residues are Cys 1 1 , His 1 85 ,  Gl u222, and Asp233 ,  

which have their counterparts in  E.  coli KDOSP synthase (Asn26, H i s202, Gl u239 and 

Asp250) . Three of these four res idues (Hi s 1 85 ,  G lu222, and A sp233)  are complete ly 

conserved in a l l  known metal -dependent and metal- independent KDOSP synthases ,  

whereas Cys i s  found only i n  metal -dependent KDOSP synthases and i s  always  

substituted by  an  Asn  i n  metal -independent KD08P synthases .86· 100· 124· 1 26 The metal 

coord inated water molecule observed i n  A .  aeolicus KDO S P  synthase has  n o  

counterpart i n  the E .  coli KDOSP synthase structure. I n  addit ion,  H i s  1 85 i s  also 

reported to be necessary for the correct b inding of PEP in  the active site of A. aeolicus 

KDOSP synthase. 1 29 

More recently ,  as noted above, it was demonstrated that metal dependency could be 

e l iminated by a single amino acid  replacement, Cys 1 1  to Asn in  both A. aeolicus and A .  

pyrophilus KDOSP synthases. 126'1 27 Conversely ,  replacement of A sn26 b y  Cys i n  a 

metal- independent E. coli KD08P synthase l ed to metal binding with increased activity 
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from 6 % to 30 % of w i ld type i n  the presence of a metal ion ,  Mn2+. 126 These results 

suggest that the absence of the metal ion i n  the metal-dependent KD08P synthase i s  not 

critical for the enzyme-catalysed reaction. It has been proposed that the metal ion has an 

i mportant structural role i n  KD08P synthase enzymes to mainta in  the correct 

orientation of the substrates in the enzyme active s ite for catalys is .  T hus, according to 

the results from these studies ,  i t  has been suggested that Asn in  E. coli KD08P 

synthase, in place of the metal-binding Cys in metal-dependent KD08P synthases ,  may 

also play a similar structural role to the metal ion. 

1.3.4. The relationship between DAH7P synthase and KDOSP synthase 

Although these two enzymes, DAH7P synthase and KD08P synthase, are functionally 

unrelated as described in  earl ier sections ( see section 1 . 1  and 1 . 3) ,  they share many 

mechani stic features .  Due to the i r  s imi larities ,  many compari sons have been made 

between DAH7P synthase and KD08P synthase. Both DAH7P synthase and KD08P 

synthase catalyse a reaction between PEP and a phosphorylated monosaccharide, o-E4P 

for the former to give a seven-carbon sugar product, DAH7P, and o-ASP for the latter 

to generate KD08P, an eight-carbon sugar. Whi le  there is l i ttl e primary sequence 

s imilarity between the E. coli KD08P synthase and the E. coli DAH7P synthase, that i s  

only 1 3  % of the res idues are identical,  and 38 % are either identical o r  substituted 

conservatively ,62 it is c lear that there i s  a h igh degree of structural s imi larity . Both 

enzymes catalyse the condensation reaction of PEP w ith a phosphorylated aldolase by a 
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similar ordered-sequential mechanism w here PEP b inds first and final sugar product i s  

released l ast.53' 1 0 1 Both reactions involve the cleavage of the C-0 bond of PEP instead 

of P-0 cleavage,5L52' 102 with the s i  face of PEP coupl ing with the re face of the i r  

respective sugar substrate, o-E4P or  o-A5P.49' 1 07 Moreover, i t  has been shown that 

DAH7P synthases and KD08P synthases have remarkably s im i l a r  active-s i te 

architectures from their  X-ray crystal structure determinations .2957·73·74· 12u24 The results 

suggest that both PEP and the sugar phosphate substrates bind in  similar locations at the 

acti ve s ite of both DAH7P and KD08P synthases, although the s ugar phosphate 

substrates are different l engths. Many key active s ite residues from both enzymes are i n  

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

(Table 1 .3 ) .  

Whi le  the s imi larit ies are clear, there are two major differences between DAH7P 

synthase and KD08P synthase: ( i )  substrate specificity and ( i i )  metal requ irement. As 

ment ioned in secti on 1 . 3 .2 ,  DAH7P synthase shows broad substrate specific i ty 

accepting five-carbon sugars and 2-deoxyE4P,74'79'130 whereas KD08P synthase takes 

only D -A5P but not four-, other fi ve-, and s ix-carbon phosphorylated sugars .83 85 I n  

addition, a l l  characterised DAH7P synthases are known to be metal-dependent, whereas 

for KD08P synthases, both metal-dependent and metal-independent enzymes have been 

characterised. 

81 -83• 12 1 · 124• 126 Recent studies have shown that metal-dependent KD08P synthases can be 

converted i nto metal - independent KD08P synthases by the mutation of the metal

binding Cys to Asn,  as mentioned i n  section 1 .3 . 3 . 126' 127 It has been suggested that the 

metal ion is not d i rectly i nvolved in the metal-dependent enzyme-catalysed KD08P 

synthase reaction and i t  may have a different function. 126• 127 
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Table 1 .3 .  
Equivalent residues in the active site of DAH7P and KD08 P  synthases based on 3-dimensional 

E. coli 
DAH7P 

synthase"� 

Ala l 64 

PEP- Lys l 86 
Phosphate 

Arg234 binding 

Arg l 65 

Arg92 

PEP-
Lys97a 

Carboxylate Lys 1 86 
b i nding 

Cys6 1 

Metal 
H is268 

binding Gl u302 

Asp326 

D-E4P/ 
Arg99 

o-ASP 
Phosphate Thr l OO 

binding 

D-E4P/ 
o-ASP 

Hydroxyl 
group 

binding 

t t I . s rue ure ana1ys1s 

S. cerevisiae T. maritima 
DA H7P DAH7P 

synthase73 synthase57 

Ala \ 79 Ala 1 85 

Lys20l Lys207 

A rg \ 80 Arg \ 86 

A rg249 Arg237 

A rg 1 07 Arg l 26 

Lys 1 1 2  Lys l 3 1  

Lys20 1 Lys207 

G l n l 82 

Cys76 Cys l 02 

H i s282 His272 

G l u3 1 6  Gl u298 

Asp342 Asp309 

A rg 1 1 4  Arg 1 33 

Thr l 1 5  Thr 1 34 

Pro 1 1 3  Pro 1 32/ 
(C2-0H"·E4P)d Arg l 86 

(C3-0H"·fAP) 

A sp342 Asp309 / 
(C3-0H"·E4P)d Ser308 

(C2-0H"·E4P) 

P. furiosus 
DAH7P 

Synthase74 

Ala 1 1 4  

Lys l 36 

Arg \ 1 5  

Arg l 66 

Arg55 

Lys60b 

Gln 1 1 1  

Cys3 1 

His201 

Gl u227 

Asp238 

Arg62 

Thr63 

Pro6 1 /  
Arg l 1 5  

(C2-0H"·E4P) 

Asp 238 
(C3-0H"·E4P) 

a Lys97 hydrogen bonds to a water that is coordinated to the Mn2+ centre. 
b Note: in this reference,74 this residue is disordered Lys1 36. 
c Note: in this reference,121 this residue is mislabelled His235. 
d C2 and C3 hydroxyl groups of D-E4P are inferred to be C1 and C2 in G3P. 
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A. aeolicus 
KD08P 

synthase 1 2
4 

Ala l 02 

Lys l 24 

Arg l 54 

Phe \ 03 

Lys4 1 

Lys46 

Lys 1 24 

Ser43 

G ln99 

Cys l 1 

H i s 1 85 

Gl u222 

Asp233 

Arg49 

Ser50 

Asp48 / P04 
(C 1 'J·A5� 

Cd2+ 

(C2-0HD·A5P 
/C3-0H"·AS� 

Asn48 
(C3-0HD·A5P) 

E. coli 
K D08P 

synthase12 1 

A l a l l 6  

Lys l 38 

A rg l 68 

Phe \ 1 7  

Lys55 

Lys60 

Lys l 38 

A sn26 

H is202 

G lu239c 

A sp250 

A rg63 

Ser64 



Chapter One 

1.4. Aim of the project 

I NTRODUCTION 

Although there has been i ntensive study on the enzymic reactions catalysed by DAH7P 

and KD08P synthases, there are a number of questions that stil l  remain :  

I .  What are the effects of the configuration of the hydroxyl groups of aldose 

phosphate substrates on the enzyme-catalysed reaction? 

2. What are the mechani sti c s imilarities and differences between DAH7P 

synthase and K D08P synthases, s ince D-E4P i s  a natural substrate for 

DAH7P synthase but o-R5P, the C2 epimer of o-A5P (a natural substrate for 

KD08P synthase) w ith E4P- l ike C2 configuration ,  is not a substrate for 

KD08P synthase.74'79.s3-85' 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 i ssues. The general focus  of these studies i s  to examine the tolerance of 

DAH7P synthases from E. coli and P .  furiosus and the KD08P synthase from N .  

meningitidis to changes i n  the structure of the various phosphorylated monosaccharide 

substrates .  

The a im of thi s  research was to prepare, for the first time, alternative C2 or  C3 

stereoisomers of the natural s ubstrate D-E4P of DAH7P synthase and alternative C2, 

C3, or C4 stereoisomers of the natural substrate D-A5P of KD08P 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 thi s  study were: 

• 

• 

To synthesise the d iastereoisomers of D-E4P (Figure 1 . 1 9) :  D-threose 4-phosphate 

(D-T4P) and L-threose 4-phosphate (L-T4P). 

To synthesise D-A5P and the stereoisomers of D-A5P ( Figure 1 . 1 9) :  D-xylose 5 -

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

OH 0 
2\J3PO�H 

OH 

D-E4P 

OH 0 

2-03PO�H 
OH OH 

D-A5P 

OH 0 
z--o PO _  J... Jl 3 

'-"' A -H 
OH 

D-T4P 

OH 0 

2-o3PO�H 
OH OH 

D-R5P 

OH 0 
2-o PO : ll 3 �H 

OH 

L-T4P 

OH 0 

2-o3PO�H 
OH OH 

D-L5P 

OH 0 
2-o3PO�H 

OH OH 

OH 0 

2-03PO�H 
OH OH  

L-X5P D-X5P 

Figure 1 . 1 9. Target compounds for DAH7P synthase and KD08P synthase: I somers of o-E4P 
and o-A5P 

• To examine  the tolerance of DAH7P synth ase to changes i n  C2 or  C3 

stereochemistry by examin ing w hether these compounds act as alternative substrates 

for, or as inh ibitors of E. coli DAH7P(Phe) synthase and P. furiosus DAH7P 

synthase. 

• To exami ne the tolerance of K D08P synthase to changes m C2, C3 , or C4 

stereochemistry using N. meningitidis KD08P synthase. 
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• To characterise the products of the DAH7P synthase and KD08P synthase reactions 

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

The succes sful synthesi s of the stereoi somers of D -E4P and D -ASP l ed to an 

investigation of the tolerance of DAH7P synthase to stereochemical changes at  C2 and 

C3 of D-E4P and of KD08P 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. juriosus DAH7P synthases and with N. meningitidis K D08P synthase, 

respectively. The products of these reactions, the DAH7P and KD08P i somers, were 

characterised by mass spectrometry and NMR spectroscopy . As a result of this success, 

the mechanistic differences between DAH7P and KD08P synthase could carefully be 

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

PREPARATI O N  O F  A N D  PRELIM I NARY STUDIES WITH 
o-ERYTH ROSE 4-PH OS PHATE A N D  ITS ANALOGUES 

A s  i ntroduced i n  the prev ious chapter, we  are i nterested i n  how sensit ive DAH7P 

synthase is to structural changes particularly in  stereochemistry of the monosaccharide 

phosphate substrate. Th i s  investigation was i ni ti ated in order to provi de further 

significant information about the enzyme mechani sm at the active s ites  of DAH7P 

synthase and KD08P synthase. 

This chapter describes the preparation of, and studies  w ith analogues of the natural 

substrate for DAH7P synthase, o-E4P. The i nteraction of these compounds with 

DAH7P synthase i s  descri bed in chapter four. 

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

This section descri bes the properties of o-E4P and its preparation us ing a previous 

reported procedure. 13 1  
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2.1.1. Studies with analogues of o-E4P 

As mentioned previously in the introduction, there have been few studies on analogues 

of o-E4P as compared to PEP. Both p hosphonate and homophosphonate (Figure 2 . 1 )  

are known analogues of o-E4P and have been reported to be substrates of E. coli 

DAH7P(Tyr) synthase.89" 132 However, it has been found that the natural substrate o-E4P 

i s  a much better substrate for the enzyme. I nterest ing results from our l aboratory 

studying racemic 2-deoxyE4P, (3S) -2-deoxyE4P, and 3 -deoxyE4P (Figure 2 . 1 )  have 

found that these compounds are accepted as s ubstrates of the e nzyme , E. coli 

DAH7P(Phe) synthase. 90· 1 30 

OH 
z-o P ' 3 �0 

OH 

phosphonate 

0 z-o3PO� 
OH 

2-deoxyE4P 

homophosphonate 

OH 

2-o3Po�o 

3-deoxyE4P 

Figure 2 . 1 .  Analogues of o-E4P 

The product of the reaction of 2-deoxyE4P w ith PEP in the DAH7P synthase-catalysed 

reaction was i dentifi ed  as the expected 5-deoxyD A H7P (Figure 2.2), as the enzyme 

appears to uti l i se only one enantiomer of racemic 2-deoxyE4P, the stereoisomer w i th 

the same C3 stereochemistry as o-E4P.90· 1 30 
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OH OH 0 2-o3Po�co2-

Figure 2 .2 .  5-DeoxyDAH7 P  generated from the reaction of PEP with (3S)-2-deoxyE4P 

Additi onal ly,  2-deoxyE4P was found to be an alternat ive substrate of P. furiosus 

DAH7P synthase and it was used more effic iently by th is  enzyme than D-E4P (Table 

2. 1 ). 74 3-DeoxyE4P was also tested w ith E. coli and P. furiosus DAH7P synthases and 

found to be a considerably poorer substrate than 2-deoxyE4P for both enzymes (Table 

2. 1 ). 74·90 Thi s work i ndicates that the C3 hydroxyl group of D-E4P was not essential for 

catalysis wi th DAH7P synthase, wh ich i s  consistent w ith an acycl ic  mechanism rather 

than the cycl ic mechan i sm as discussed in chapter one. 

Table 2. 1 .  
Kinetic results from analogues of D-E4P with DAH7P synthasesa 

E. coli DAH7P(Phe) synthase90 P.  furiosus DAH7P synthase 74 

Analogues of 
D-E4P KM kcat kca/ KM KM kcat kca/ KM 

(!-!M) (s 1 ) (s- 1 /!-!M) (!-!M) (s- 1 ) (s- 1 1!-!M) 

D-E4P 39 ± 4  26 ± 2 670 a 1 0·3 9 ± 1 1 .4 ± 0. 1 160 a 10'3 

(3S)-2-deoxyE4P 4 1 0  ± 40 25 ± 3 60 a 10 '3 6 ± 1 3 .0 ± 0. 1 490 a 1 0'3 

(2R)-3-deoxyE4P 2680 ± 1 40 4.5 ± 0. 1 2 a 1 0'3 200 ± 30 27 ± 5 140 a 1 0'3 

a DAH?P synthases from both sources were assayed in accordance with previously reported procedures. 74'1 33 

46 



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

o-T4P d iffers from o-E4P i n  i ts C2 hydroxyl group configurat ion, whereas the C3 

hydroxyl group of L-T4P is in the opposite configuration to that found at C3 in o-E4P. 

Due to the different configuration of the C2 and C3 hydroxyl groups, the study of o

and L-T 4P w i l l  g ive us s ignifi cant i nformation as to the tole rance of the enzyme 

DAH7P synthase to changes in o-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 o-E4P 

o-E4P is a notoriously unstable compound i n  solution and consequently it is difficult  to 

handle. 1 34 I t  has been reported that both monomer and d imer forms of D-E4P are found 

in aqueous solutions and the amount of dimer depends on the o-E4P concentration . 1 35 

The three major forms of o-E4P i dentified by NMR spectroscopi c  studies by Duke et al. 

are d imers of o-E4P i n  solution (Figure 2 .3 ), wh ich d issociate to monomer forms at 

relatively low concentrations ( < 0.2M). 135 The monomer ex ists mainly as its hydrate i n  

solution. The monomer of o-E4P would be expected to be the most predominant spec i es 

i n  biolog ical assay studies as the D-E4P concentration i s  relatively low.  However, the 

d i ssociation rate of the d imer to the monomer is slow. Thus, care has to be taken to 

ensure that the solution has t ime to be al lowed to equ i l i brate. As  wel l ,  D-E4P solu tions 

cannot readi l y  be evaporated to dryness to g ive  sol i d  o -E4P as the molecu le  

dephosphorylates on concentration.  Th is  poses particular d ifficult ies w i th the i solation 

and purifi cation of this compound. 
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dimer 1 

OH 0 
2-o PO l 1 1  3 �H 

2-o PO / 3 7 OH 
0 � HO O�OP032-

0H OH 
dimer 3 

OH 
D-E4P 

2-o3P�O OH 
0 � Ho o��opo 2-HO - �� 3 

/ 
dimer 2 

HO OH _.\__ )___ /OPO 2-HO � l ......, 3 
H OH 

hydrate 

Figure 2 .3 .  Equi l ibration of D-E4P 

Both enzymat ic  and synthetic methods for the preparation of o -E4P have been 

reported. 136· 137 o-E4P can be formed enzymatical l y  by the enzyme transketolase. 1 36 I n  

th is  enzyme-catalysed reaction, D-fructose 6-phosphate (o-F6P) and D-RSP produce D -

E4P and sedoheptulonase 7-phosphate (S7P) (Figure 2.4) . This i s  a revers ib le react ion 

and therefore, o-E4P i s  present  as well  as the other sugar phosphates at equ i l ibrium. I t  i s  

d ifficult to purify D-E4P from thi s  complex mixture. However, i t  i s  a useful method for 

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

HO!r 
H OH 
H OH 
CH20P032-

D-F6P 

+ 

CHO 
H$0H 
H OH 
H OH 
CH20POl-

o-R5P 

transketolase 

CHO 
H+OH 
H OH 
CH20P032-

o-E4P 

+ 

Figure 2.4.  Enzymatic synthesis of D-E4P using transketolase 
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B al lou  et al. have prepared o-E4P us ing two different synthetic methods. 137 B oth 

methods produce 4-0-tr i ty l -2 ,3-d i -0-acetyi-D-erythrose d iethyl mercaptal as a key 

i ntermediate (Figure 2.5) .  In method A, 4-0-trity l-2,3-di-0-acetyl-D-erythrose diethy l  

mercaptal was  synthesi sed from o-arabinose via D-erythrose w i th an  overall yield of 1 4  

%.  I n  method B ,  4-0-tr ity l-2,3-di -0-acetyl-o-erythrose diethyl mercaptal was prepared 

from 4,6-0-ethyli dene-D-glucose via 2,4-0-ethyl idene-o-erythrose i n  an overall y ie ld of 

45 %.  

HO$CH� 
H OH 
H OH 
CH20H 

o-arabinose 

method A 

HO
$CH�SEth 
H OH -
H OH 
CH20H 

o-arabinose 
diethyl mercaptal 

1 4 % 

CHO 
H+OH 
H+OH 
CH20H 

o-erythrose 

i, ii, i i i 

method B 

__/o-(H 

OH f!H 
0� - 0�0 )-o OH 

4,6-0-ethylidene 
o-glucose 

45 % 

2,4-0-ethylidene 
o-erythrose 

4-0-trityl-2,3-di-0-acetyl
o-erythrose diethyl mercaptal 

o-E4P 

Figure 2 .5 .  Reported scheme for the p reparation of D-E4P. 137 i .  CzHsSH, HCI;  ii. (C6Hs)3CCI, CsHsN ;  
i i i .  (CH3CO)zO. 

o-E4P can also be prepared i n  h i gh yie ld (85 %) by oxidative cleavage of o-glucose 6-

phosphate (o-Glu6P) w i th lead tetraacetate (Figure 2.6). 1 3 ! . 138 This  i s  a conveni ent one 

step p rocedure and it is the commonly used method for the synthesis of o-E4P. This 
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chapter describes the synthes is  of o-E4P using this method and the synthesis of o-T4P 

us ing o-galactose 6-phosphate (o-Gal6P) as an alternat ive start ing  material  by an 

adaptation of th is  method. 

2--o3�PO 
O 

OH 

OH OH 
OH 

D-Giu6P 

OH 0 
Pb(OAc)4 2-o PO f ll 3 �H 

OH 

D-E4P 

Figure 2 .6 .  Synthesis of D-E4P using lead tetraacetate 

2.1 .3. Prel iminary investigations into the preparation of o-E4P 

In these studies,  fol lowing reported procedures, o-E4P was prepared by oxidation of D-

Glu6P w ith l ead tetraacetate (Figure 2.6). 13 l  Theoretical ly,  two equivalents of lead 

tetraacetate are required for each equivalent of o-Glu6P to achieve c leavage of the s ix-

carbon sugar to the four-carbon sugar. In accordance w ith the publ ished method, 1 3 1 only 

1 .7 equivalents of lead tetraacetate w ere used in order to avoid over-oxidation to o-

glyceraldehyde 3-phosphate. After the oxidation of o-Glu6P w ith lead tetraacetate, the 

presence of o - E4P was determined  us ing an enzymic assay system i nvolv i ng  the 

enzyme transaldolase (EC 2.2. 1 .4). 

I n  this assay system, the oxidation of NADH to NAD+ by G3P dehydrogenase ( EC 

1 . 1 .99.5)  i s  monitored at 340 n m  (o,40 = 6.4 a l cf  M- 1 cm- 1 ) after  the conversion of D-

E4P to  d ihydroxyacetone phosphate via o-glyceraldehyde 3 phosphate catalysed by  the 
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enzymes transaldolase and triose phosphate i somerase (EC 5 . 3 . 1 . 1 ,  F igure 2.7) .  Thi s  

enzyme assay system i s  part i cu l arly useful a s  i t  a l lows measurement of o -

glyceraldehyde 3-phosphate i n  the same assay m ixture. Accordi ng to th is  assay, i n  our 

hands, D-E4P w as synthesised from o-Glu6P in a 73 % yield.  

H 

�]_OH 
H+OH 

CH20P032-
D-E4P 

CH20H 
�OH 
CHvP032-
G3P 

o-F6P S?P 

transaldo/ase 

NADH 

G3P dehydrogenase 

H 

�:}OH 
CH20Po}-

D-glyceraldehyde 3-phosphate ! triose phosphate 
tsomerase 

CH20H 
l=o 
CH20P032-

dihydroxyacetonephosphate 

Figure 2 .7 .  A coupled assay system using transaldolase, triose phosphate isomerase, and G3P 
dehydrogenase 

For thi s  study, the presence of o-E4P was also confirmed by using the DAH7P synthase 

reaction.  The loss of PEP was fol lowed on conversion of the two substrates PEP and o-

E4P to DAH7P catalysed by E. coli DAH7P(Phe) synthase at 232 nm (a232 = 2.8  a 1 03 

M- 1 cm- 1 ) (Figure 2 .8) .  During the reaction, PEP loses i ts double bond between C2 and 

C3 caus ing the d isappearance of absorption at 232nm when the enzyme catalyses the 

format ion of DAH7P. Therefore, w ith PEP in excess, the loss of absorbance w i l l  be 

proportional to the o-E4P concentration. 
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OH 0 
2-o PO t 1 1 3 �H 

OH 

D-E4P 

DAH7P synthase 

2-o3Pol(co2-

PEP 

noH co2-

2-o PO 3 . OH 
OH 

DAH7P 

Figure 2 . 8 .  P reparation of DAH7P from D-E4P and P E P  by the DAH 7 P  synthase-catalysed 
reaction 

To confirm that DAH7P was formed i n  this enzyme-catalysed reaction, and therefore, 

that D - E4P was present,  two methods were used .  The fi rst of these w as the 

thiobarbi tur ic acid assay ,  which i s  a colourimetric method for the estimation of 3-

deoxyaldulosoni c  aci ds. 139 a-Formyl pyruvate i s  generated by  periodate ox idative 

c leavage between C4 and CS of a 3 -deoxya ldu losonic acid ( Fi gure 2.9) .  a-

Formyl pyruvate gives r i se  to a p ink  colour w ith thiobarbi tur ic  ac id and this i s  

spectrophotometricall y  detected a t  549 nm ( Cfs49 = 1.03 a 105 M- 1 cm- 1 ) .  The e nzymic  

product from the  o-E4P generated from o-Glu6P i n  thi s assay showed a dark p ink 

colour and absorbed at 549 nm. Th is  result i s  cons i stent w i th the  formation of  DAH7P 

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

-o2c,. OH 

'-o,PO�OH --
OH 

DAH7P 

OH OH 0 
2-o3Po�"'-...�co2-

0H \ 
oxidative cleavage 
between C4 and C5 j3-formylpyruvate 

Figure 2 . 9. Formation of a-formylpyruvate for the thiobarbituric acid assay 
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The other method to confi rm that DAH7P was generated was to employ a coupled assay 

system us ing  the enzymes 3 -dehydroqu inate synthase (DHQS, EC 4.6. 1 . 3 )  and 

dehydroqu inase (DHQase, EC 4.2. 1 . 1  0) ,  which are the second and third enzymes of the 

sh ikimate pathway, respectively. This coupled assay system i s  fol lowed at 234 n m  

(aB4 = 1 .2 a 1 04 cm- 1 M- 1 ) where the generat ion of 3-dehydroshik imate (DHS) can b e  

observed by the absorption of i ts a,a-unsaturated acid group (Figure 2. 1 0). 

NAD+ 

H , 
-o2c oPo32-

0H 
DAH7P 

DHQS 

(- -\ 
NAD+ NADH 

�-. )  HO O 

·o,c� + P, 
OH 

HO 
-o2c�OH 

OH 0 
DHQ 

Figure 2 . 1 0. Proposed mechanism of DHQS. Taken from Knowles. 140 

The product of the DAH7P synthase reaction gave r ise to an increase i n  absorbance at 

234 nm when i ncubated w i th DHQS and DHQase i n  the presence of N AD+ (catalytic 

amounts of this cofactor are requ i red by DHQS). This  result confi rms the presence of 

DAH7P and therefore, the presence of o-E4P fol lowing the oxidation of o-Glu6P by 

lead tetraacetate. More deta i l s  of this assay w i l l  be d iscussed in section 2.2.4. 
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B oth of these assays (the thiobarb i turic assay and the coupled assay w ith DHQS and 

DHQase) were important for testing for the presence of D-T 4P and for confirming i ts 

abil i ty to act as a substrate for DAH7P synthase despite the C2 configurational change. 

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

2.2.  Preparation and Determination of o-T4P 

The key goal of this section i s  the preparat ion of D-T 4P using different start ing  

material s .  I n  thi s  section, the synthes i s  of D-T4P us ing  both oxidat ive chemistry from 

s ix- or five-carbon sugars (Figure 2. 1 1 ) and starting w ith a four-carbon precursor w i l l  

be in troduced. 

2.2 .1. Prel iminary investigations into the preparation of o-T4P from 
o-Gai6P 

As D- and L-T4P are not commercial ly available, they had to be synthesised. Due to the 

s imi larity between D-T4P and D-E4P, it was cons idered that D-T4P might wel l  be as 

d ifficult to handle as D-E4P. Therefore, the same syntheti c  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 S impson et al. , l3 1 i t  was considered D-T4P m ight be able to be produced by adapting  

thi s  procedure. D-T4P d iffers from D-E4P by  i ts absolute configuration a t  C2. Therefore, 
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there are fou r  possible s ix-carbon phosphorylated D-aldoses that could be potent ial  

start ing  mater ial s for the generat ion of o-T4P us ing the lead tetraacetate c leavage 

procedure. These are o-gulose 6-phosphate, D-idose 6-phosphate, o-Gal6P, and D-talose 

6-phosphate (Figure 2. 1 1 ). Of these, only o-Gal6P was commercia l ly  avai lable at the 

beg inn ing of thi s  project. Fol lowing the method used for the preparation of D-E4P, o-

T4P was prepared by oxidation w i th 1 .7 equivalents of l ead tetraacetate from o-Gal6P 

(Fi gure 2. 1 2) .  After the oxidati ve c leavage, the mixture needed to be tested for the 

production of o-T4P. As w ith the generation of o-E4P from o-Gi u6P, enzyme assays 

were uti l i sed for thi s purpose. The o-T4P was confi rmed to be an alternative substrate 

of DAH7P synthase by the observation of the loss of PEP when incubated w i th E. coli 

DAH7P(Phe) synthase. 

2-o3�P
� 

0 OH 

OH 
OH 

D-Gai6P 

Pb(0Ac)4 
OH 0 

2-o PO- ).._ Jl 3 
'-"'" l 'H 

OH 

o-T4P 

Figure 2 . 1 2 . Proposed preparation of D-T4P using lead tetraacetate 

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

The transaldolase assay was used to determi ne the presence of o -T4P. Us ing  th is  

method, o -T4P was calculated to be produced in  a 1 9  % yie ld from o-Gal6P. The 

concentration of o-T4P was determined by observing the oxidation of NADH at  340 nm 
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(�4D = 6.4 a 1 03 M�1 cm�1 ) catalysed by G3P dehydrogenase. D-T4P i s  converted to G3P 

via D-glyceraldehyde 3-phosphate and d ihydroxyacetone phosphate by the enzymes 

transaldolase and triose phosphate i somerase (Figure 2.7). This result was consistent 

with the formation of D-T4P from D-Gal6P by cleavage w ith lead tetraacetate. However, 

the result  from the coupled assay system showed more dramat ica l ly  i ncreased 

absorption for the presence of D-glyceraldehyde 3 -phosphate than that of produced D

T4P. I t  suggests that, al though D-T4P was successful ly synthesised by the oxidat ive 

cleavage w i th lead tetraacetate of D-Gal6P, substantial over-oxi dation had occurred. 

Analysis of the stereochemistry differences between D-Glu6P and D-Gal6P may explain 

the low y i el d  of o -T4P in th i s  react ion s ince the oxidation requ i res  c i s-diols. 

Structural ly,  the a-o-Glu6P pyranose form has only one cis-diol between C l  and C2, 

whereas a-D-Gal6P has two, one between C 1 and C2 and the other between C3 and C4 

(Figure 2. 1 3) .  This  change i n  stereochemistry may account for the difference i n  yield of 

D-E4P (73 %)  and  D-T4P ( 1 9 %) from o -G lu6P and D-Gal6P, respective ly .  The 

presence of a cis-di ol between C3 and C4 may be the reason for the substantial over

oxidation to D-glyceraldehyde 3-phosphate observed in  our synthes i s  of o-T4P as 

observed in the coupled assay system as described in section 2. 1 .3 .  

S ince i t  was found that o-T4P had been synthesi sed, the loss of PEP i n  the presence of 

E. coli DAH7P(Phe)  synthase and the D-T4P was fol lowed at 232 nm.  Th i s  enzyme 

assay showed time- and enzyme concentration-dependent loss of PEP (Figure 2 . 14) .  
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F i g u re 2 . 1 3 . Structure of (a)  a-D -Giu6P and  (b)  a-o -Gai6P lead i n g  D-E4P and o -T4 P ,  
respectively, by oxidative cleavage. The possible side products, D-L5P and D-glycera ldehyde 3-
phosphate from under- and over-oxidation from a-D-Gai6P are also shown. 

The pattern of the enzy me reaction observed was s imi lar to that observed w ith o-E4P, 

suggest ing that the enzyme, E_ coli DAH7P(Phe) synthase, tole rates o-T4P as an 

a l ternative substrate. This  is a s ignificant result  as i t  i ndicates that the enzyme i s  able to 

accept a substrate w ith altered C2 stereochemistry . However, the reaction rate of o-T4P 

was very slow compared to the same enzyme reaction wi th o-E4P. Although thi s  may 
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OH 0 DAH7P synthase 
2--o3PoJYlH 2-o3Po'(co2 OH 

D-T4P 
PEP 

]5' 2-o PO 3 OH 
OH 

seven-carbon sugar 

+ P, 

Figure 2 . 1 4. Seven-carbon monosaccharide produced by DAH?P synthase with D-T4P and PEP 

i nd icate that o-T4P i s  a poorer substrate than D-E4P for E. coli DAH7P( Phe) synthase ,  

i t  m ight also be due to the presence of other monosaccharide sugars, o-glyceraldehyde 

3 -phosphate and D-L5P, from the over- and under-ox idat ion of o-Gal6P, respectively 

(Figure 2. 1 3) .  In previously publi shed reports, i t  has been shown that other five-carbon 

monosaccharides are substrates of E. coli DAH7P( Phe) synthase and that D -

glyceraldehyde 3-phosphate competes wi th D-E4P for act ive-site binding.79·84 Thus, if D-

glyceraldehyde 3-phosphate and D-L5P are in  solution w i th o-T4P, they may compete 

w ith each other for the enzyme, thereby slow ing  the enzyme reaction rate, or i t  m ight 

mean that the loss of PEP we are observed, may not be due to consumption of D-T 4P i n  

the m ixture .  Therefore, i t  was necessary to check that the loss of PEP i n  this enzyme 

assay was due to the consumption of D-T4P only and was not due to the presence of any 

other monosaccharide s ugars .  It w as confirmed that D-T4P was generated by the 

examinat ion of the product ion of 3 -deoxy-D-lyxo-heptulosonate 7 -phosphate (D-

DLH7P) by enzymatic reaction wi th PEP. This  was also performed in  a number  of ways 

i n  fol lowing sections, closely paral le l ing the confirmation of DAH7P production from 

D-E4P and PEP by the enzymatic reaction descri bed i n  section 2.2. 1 above. 
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2.2.3. Th iobarbituric acid assay 

D -DLH7P obta ined from the reaction of o -T4P w ith PEP cataly sed by E. coli 

DAH7P(Phe) synthase was subj ected to the th iobarbituric acid assay . In the assay, a 

posit ive result was observed i nd icating the formation of a new C-C bond between o

T4P and PEP catalysed by E. coli DAH7P(Phe) synthase . The colour of the reaction 

product, a-formylpyruvate, appeared dark pink s i mi l ar to that resulting  from the assay 

w ith DAH7P (Figure 2.9). The absorption of the product was detected at 549 nm. The 

results i n dicate that o-DLH7P was present in the reaction product and therefore, an 

aldehyde cosubstrate m ust have been present in the D -T4P mixture .  I t  also is a 

confirmat ion that the oxidative cleavage of o-Gai6P had been successful . 

2.2.4. Coupled enzyme assay using DHQS and DHQase 

After the generation of o-DLH7P from the o -T4P mi xture and PEP i n  the enzyme 

reaction , the product was observed to be an i somer of DAH7 P  by mass spectrometry 

showi ng the same mass as was observed for DAH7P (287 .0 1 3  for DAH7P; 287.0 1 23 

for o-DLH7P from o-T4P). 

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

generation a t  234 nm as  descri bed i n  section 2 . 1 . 3 .  However, no DHQ production was 

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

A nalysis of the mechanism of D HQS could explai n the i nabi l i ty of D-DLH7P to act as a 

substrate for DHQS. D HQS catalyses the cycl i sation of DAH7 P to give DHQ i n  the 
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presence of both a divalent metal ion and NAD+ ( Figure 2. 10) .  140 I n  the first step of th is  

reaction, oxidation of the CS hydroxyl group of DAH7P takes place. The CS hydroxyl 

group is restored only after e l imination of the phosphate to form the enol ether. As the 

NAD+ oxidant only approaches the DAH7P substrate from one side in the active s i te of 

DHQS, this enzyme reaction is h ighly stereospecific .  If o-DLH7P had been produced i n  

the DAH7P synthase reaction w i th o-T4P and PEP, i t  would not be expected to b e  a 

substrate for DHQS as the CS hydroxyl group i s  not i n  the correct configuration (Figure 

2 . 1 S) .  Therefore, the negat ive  result from thi s  coupled assay test i n  combinat ion wi th  

the other results i s  consistent w ith o-T4P presence and o-DLH7P product ion.  Perhaps 

more s ign ificantly, this result i nd icates that the loss of PEP observed i n  the DAH7P 

synthase reacti on i s  not  due to the presence of any o-E4P in the m ixture, which may 

potential l y  be formed by the epimeri sation of D-T4P. 

(D-DLH7P) 

DHQS 

NAD+ NADH 

Figure 2 . 1 5 .  Oxidation of D-DLH7P in the first step of the DHQS mechanism 

2.3. Synthetic Strategies for the P reparation of o-T 4P 

Although the formation of o-T4P from o-Gai6P by lead tetraacetate oxidation has been 

demonstrated, 19 % y i el d  of D-T4P i s  c learly unsatisfactory, as a m ixture of other 

a ldose phosphates is present in this reaction from the over- and under-oxidation ( Figure 

6 1  



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

2. 1 3 )  of D-Gai6P. Due to that D-T4P cannot be purified from other aldose phosphates, 

which might be i nteracti ng w i th the enzyme DAH7P synthase, we  w anted to i nvestigate 

more ful ly whether the oxidation of D-Gai6P could be improved to give h igher y ie lds of 

the desired D-T4P product. However, as D-Gai6P was no longer commerc ial ly available 

after our i n it ial experiments, a chemical synthesis of D-Gal6P was i nvestigated. 

2.3.1.  Synthesis of o-Gai6P 

The synthetic scheme was desi gned using D-galactose as a starting materi al to produce 

D-Gal6P via D-galactose diacetonide (Fi gure 2 . 16) .  

HOXXOH acetone, 
HO .,'OH BTE 

41 % 
OH 

HO:;Q DX 
0 ''0 -\-o 

0 
HO-�-ONOH 

OH HO ···oH 
OH 

PO(OPh);,P• imidazole, 
85 % 

H20, L'> 
1 00 %  

0 
" H o Ph0-�-0 ·' X OPh O ·,,0 -\-o ! EtOH 

Pt02, H2 
1 00 %  

0 
HO-�-o:;Q .OX 

OH 0 ··o -\-0 

Figure 2 . 1 6. Synthetic scheme for the preparation of D-Gai6P 

D-Galactose was treated w ith acetone and boron trifl uoride etherate (BTE) to g ive the 

1 ,2 :3 ,4-d i isopropy l idene D-galactopyranose (41 %). 141 The modest y ie ld could be due to 

e i ther an i ncomplete reaction or the loss of compound during purifi cation.  A l though the 

62 



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

4 1  % yie ld was not very satisfactory, the next step was carried out as the starting  

material was rel at ively i nexpensive .  Fol low ing  the protection of the hydroxyl groups, 

the C5 hydroxyl group was phosphorylated us ing  d iphenyl  ch lorophosphate . 

Hydrogenolys is  and cleavage of the diacetonide gave rise to o-Gal6P w ith overall y ie ld 

of 35 %.  

Hydrogenolysis w as carried out in  ethanol us ing a platinum catalyst and the progress of 

the reaction was fol l owed by thin  layer chromatography (tlc). After the starting  material 

was completely consumed, the reaction m ixture was fi l tered and the solvent was 

evaporated. The o-diacetonide galactose 6-phosphate was then d i ssolved in w ater and 

the solution was heated at 50 OC to cleave the acetal protecti ng groups. The deprotected 

final product, o -Gal6P, was then lyophi l i sed and used as a start ing mater ial for the 

synthesi s  of D-T 4P. 

Due to the low y ie ld  ( 1 9  %) of o-T4P from over-oxidation by using  1.7 equ ivalent 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 i nstead of 1 .7 

equivalent of l ead tetraacetate. The yield of o-T4P was determined by using the E. coli 

DAH7P(Phe) synthase-catalysed reaction fol lowing  the loss of PEP at 232 nm as 

described i n  section 2. 1 . 3 .  The best y ie ld  was obtained w ith 1 .5 equivalents of lead 

tetraacetate (Table 2.2). 

Th . Id f T P f e yte 0 D- 4 
Table 2.2. 

h . d G I P rom synt estse D- a 6  ustnq vanous equivalents o 

Lead tetraacetate 0.85 equiv 1 equiv 1 .3 equ iv  

Y ield of o-T4P 1 1 % 20 % 22.5 % 
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2.3.2. Synthesis of o-T4P from o-X5P 

As the oxidative cleavage using l ead tetraacetate had been successful for the preparation 

of both o-E4P and o-T4P, it was considered that five-carbon sugars rathe r  than s ix

carbon sugars could be employed as alternative start ing materials .  Us ing five-carbon 

sugars as starting materia ls  i nvolves the cleavage of one carbon rather than two carbons 

to g ive rise to the desi red four carbon products. As shown in Figure 2. 1 1 , there are four 

five-carbon phosphory lated D -aldoses: o-ASP, o-RS P, o-XSP, and D-LSP. o-A S P  and 

o-RSP are potential start ing material s for o-E4P, and o-XSP and o-LSP are possi bl e  

candidates for D-T4P production.  Of these four compounds, only o-RSP and o-AS P  are 

commercial ly avai lable. As o-RSP is rel at ively i nexpensi ve compared to o-ASP and i t  

was avai lable i n  our laboratory, D-RSP was chosen as a starting material to i nvestigate 

whether fi ve-carbon phosphorylated sugars were i ndeed suitable start ing mate ria l s  for 

the oxidative cleavage. o-RSP was oxidised by using  0.85 equivalent of lead tetraacetate 

i n  order to produce o-E4P (Figure 2. 1 7) .  After the oxidative cleavage , the m ixture was 

tested for o-E4P presence.  These enzyme assays showed that o-E4P was successfully 

synthesised w i th 64 %  y i eld  from o-RSP. 

This  success of the production of o-E4P from o-RS P prompted us to i nvestigate the 

possibi l i ty of the generation of o-T4P from five-carbon phosphate sugars. As neither D

XSP nor o -LS P  was commercial ly avai lable,  the synthesis of o -XSP or o-LSP was 

requi red. We chose to synthesise o-XSP as thi s  synthesis had been previously reported 

from the rel at ively i nexpensive start ing material , D-xylose. Additional ly ,  o-XSP was 

a lso useful for our i nvestigations i nto the substrate specific ity of KDOSP synthase as 
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descr i bed i n  chapter five. o-XSP was prepared from o-xylose w i th five steps i n  22 % 

overall y ield. This  preparation of o-X5P is  described i n  more detai l i n  chapter three. 

CHO 
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H OH 
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HO H 
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H OH 

CH�P032-
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OH 0 
2-o3PoJJ . H 

OH 

OH 0 
2-o po� 3 H 
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Figure 2 . 1 7 . Preparation of D-E4P from D-R5P and D-T4P from D-X5P by oxidative cleavage 

With o-X5P i n  hand, various ratios of lead tetraacetate (0.85,  0.7, and 0.5 equivalents) 

were used for its oxidation to o-T4P. However, none of these reactions produced any o-

T4P as analysed by enzyme assay fol lowi ng the loss of PEP at 232 nm. However, as w e  

only had access to l i mi ted start ing material , o-X5P, and the successful synthesis of o -

Gal6P using o-galactose had already been completed, we  decided not to i nvestigate thi s  

route further. As  any product generated i n  th i s  way w ould also b e  expected t o  be  

contami nated w i th other sugar phosphates, i t  was  considered that th i s  oxidat i ve  

cleavage route was  unl i kely to give any s ignificant i mprovement over the oxidation of 

o-Gal6P. 
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A l though we had been successful i n  synthe s i s i ng  o -T4P from o -Ga16P, o -

glyce raldehyde 3-phosphate and D-L5P are l ikely contaminants of o-T4P from the over-

or under-oxidation of o-Gal6P, respectively .  As it is very d ifficult to separate the o-T4P 

from these side products , a more effic ient synthes is  of o-T4P was requ ired.  Therefore, 

two alternative synthet i c  strategies for o-T4P preparation using two d ifferent start ing 

materials, 2,3-0-isopropyl idene-D-threitol and d iethyl tartrate, were i nvestigated. 

2.3.3. Synthesis of o-T4P using 2,3-0-isopropyl idene-o-threitol 

The use of 2,3-0-i sopropyl i dene-o-thre i tol was i nvest igated as a possi ble  start ing  

material for the synthesis of o-T4P (Figure 2. 1 8) .  I n  th i s  synthetic plan, o-T4P and an  

2,3-isopropyl idene 
D-thrertol 

I 
0 OH OH I �g;r-o�o\/ _ 2-o3PO� 
HO,,, .. l0� OH 

threitol 4-
phosphate 

D-T4P 

F igure 2. 1 8 . Overa l l  scheme of the synthesis of D-T4P and threitol 4-phosphate from 2 , 3-
isopropyl idene D-threitol 
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alternati v e  compound, D-threi tol 4-phosphate could be produced us ing  s i m i l ar 

chemistry. This  reduced version of D-T4P may also be an useful tool for i nvestigating 

the DAH7P synthase reaction. 

The first step i n  this scheme was the monophosphorylation of 2 ,3- i sopropyl idene D-

thre i tol (Figure 2 . 19) .  Due to the symmetry of 2 ,3 - i sopropy l i dene D - t h re i to l , 

monophosphory lated products on e i ther C 1 or C4 hydroxyl group are ident ical . 

Although phosphorylation of an alcohol has previously been carried  out using excess of 

the d iphenyl chlorophosphate (about 1 .4 equivalents) , only one equivalent was used i n  

this case i n  order to minimise d iphosphorylation. Regardless of th is ,  d iphosphorylated 

product was sti l l  observed by tic .  The d iphosphorylated product w as i solated by column 

chromatography to give 37 % yield.  

2,3-isopropylidene 
D-threitol 

PO(OPh)2CI, 
imidazole + 

47 % 

0 Ph0 , 1 1 
Pho-P-o-....,....o>( 
PhO-P-0, ,, l0 
PhO'o ' 

37 % 

Figure 2. 1 9. Phosphorylation of 2, 3-isopropyl idene D-threitol 

Dess-Mart in periodinane i s  an oxid i s ing reagent used to oxidise a p rimary alcohol to an 

aldehyde or a secondary alcohol to a ketone. 14
2 

As the reaction us ing Dess-Mart i n  

periodinane occurs under relatively m i l d  condit ions, t h i s  reagent w a s  c hosen for the 

next step. Despite using three equivalents of Dess-Mart in  period inane for this reaction, 

a poor y i el d  (22 %) of aldehyde product was obtained (Figure 2.20). The low y ie ld  
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might be caused by the Dess-Mart in  periodinane not being fresh or it may have been 

due to the presence of excess acet ic acid  in Dess-Mart in period inane, w hich  may c leave 

the acetal group .  However, despite th i s  low y ie ld ,  the next step ,  the protection of 

aldehyde group, was carried out i n  order to determine whether th is  proposed synthetic 

route to D-T4P was l i kely to be successful .  

Dess-Martin 
periodinane 

22 % 

Figure 2 .20 .  Oxidation of primary a lcohol to aldehyde using Dess-Martin periodinane 

The aldehyde was treated w i th triethyl orthoformate in the presence of acid ( Figure 

2 .2 1 ) . 143 However, there was no ind ication  of the formation of d iethyl acetal , possibly 

due to i nsuffic ient starting compound (only  32 �-tmol used), too short a reaction time ( 1  

hour), or cleavage of the other acetal under these conditions. As there was more success 

w ith  an alternat ive  start ing material  (see section 2 .3 . 5  below) ,  th i s  route was not 

i nvestigated any further. 

HC(OEtb, EtOH, 
X 

0 PhO, • t  
Pho-P-0�0\/ 

EtO
,

'( .. l0A._ 
OEt 

Figure 2 .2 1 . Protection of aldehyde 
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2.3.4. Preparation of o-threitol 4-phosphate 

While  D -threitol 4-phosphate would not be expected to be a substrate for DAH7P 

synthase as i t  l acks the aldehyde functional i ty ,  i t  may be useful as a probe for the active 

s i te of DAH7P synthase . The scheme i nvestigated for the production of D-T4P i n  

section 2 .3 .3  could be readily adapted for the synthesis of this compound.  

For the preparation of D-threi tol 4-phosphate, phosphorylation of 2,3- isopropyl idene D-

threitol was fol lowed by hydrogenolys is  to remove the phenyl protecting groups (Figure 

2 .22 ) .  Fol l ow i n g  hydrogenolys i s ,  the  acetal protecting  group  was  removed by 

d issolution in water and heat ing at 60 CC for about two hours to g ive the final product D-

threitol 4-phosphate (27 %) of a yel low powder. The product was then stored at -20 CC 

until requ i red for the future i nvestigation. 

1 .  Pt02, H2 
2. H20 

27 % 

OH OH 
2-03PO� 

OH 

Figure 2 .22.  Preparation of D-threitol 4-phosphate 

2 .3.5. Synthesis of o-T4P from o-diethyl tartrate 

Following  the successful synthes i s  of D-threitol 4-phosphate, an a lternative synthetic 

scheme was dev i sed for the synthes i s  of D -T4P us ing D -tartar i c  acid as a start ing 
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material (Figure 2.23) .  Using this scheme, o-T4P was successful ly synthesised from o-

d iethyl tartrate in seven steps w ith an overall y ield  of 1 2  %. 

0 OH 
EtO�OEt 

OH 0 

o-diethyl tartrate 

O OBn 
Pho-�-oyYocH3 

OPh OBn OCH3 

O OH 
Ho-�-oyYocH3 

OH OH OCH3 

0 OBn 
EtO�OEt 

OBn 0 

O OBn 
1 1  /".._ � ho Ph0-�-0 y '-""' 
OPh OBn 

O OH 
HO-� -O+O 

OH OH 
D-T4P 

OBn 
HO�OH 

OBn 

O OBn 
PhO-�-O�OH 

OPh OBn 

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

The two hydroxyl groups of o-diethyl tartrate were first protected by benzylation us ing 

benzyl bromide and s i l ver oxide w i th a 97 % yield (Figure 2 .24) . 144-146 

0 OH 
EtO�OEt 

OH 0 
Ag20, BnBr, reflux 

97 % 

0 OBn 
EtO�OEt 

OBn 0 

Figure 2 .24. Benzylation of D-diethyl tartrate 

D i benzyl -o-diethyl tartrate i n  ether was then red uced us ing dry l i thi um aluminum 

hydride  (LAH) to  g ive the  dial i n  a 76 % y iel d  (Figure 2 .25) . 147· 148 Care w ith LAH had 
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to be taken during this reaction as LAH reacts very v igorously w ith water. LAH was 

added very slow ly i nto the reaction m ixture at 0 T and the mixture was then refl uxed. 

0 OBn 
Et0¥r0Et 

OBn 0 
LiAIH4, ether, reflux 

76 % 

OBn 
HO+OH 

OBn 

Figure 2.25 .  Reduction of d ibenzyi-D-diethyl tartrate using LAH 

Monophosphory lat ion (48 %) was followed by ox idation usmg the Dess-M artin 

periodinane to give the phosphorylated aldehyde (87 %,  Figure 2 .26). 149 

OBn 
HO+OH 

OBn 

PO(OPhbCI ,  
imidazole 

48 % 

O OBn 
PhO -�-O+OH 

OPh OBn 

Dess-Martin 
period inane 

87 % 

O OBn 
Ph0-�-o�0 

OPh OBn 

Figure 2 .26 . Monophosphorylation and oxidation of primary a lcohol 

The aldehyde group that resulted from the oxidation was then protected as the d imethyl 

acetal using tr imethyl orthoformate (76 %, F igure 2 .27) . 150 The phenyl esters were 

removed by hydrogenolys is  w i th H2 over p lat inum i n  methanol . The acetal protect ing 

group was removed by d issolution in water and sti rr ing at room temperature for two 

days to give rise to the final p roduct D-T4P (5 1 %, Figure 2.28) .  The D-T4P was kept i n  

water frozen at -80 OC. 
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O OBn 
PhO-�-O�O 

OPh OBn 

O OBn 
Ph0-�-0�0CH3 

OPh OBn OCH3 

Figure 2.27.  Protection of aldehyde 

51 % 

O OH 
HO-�-O�O 

OH OH 

F igure 2 .28. Hydrogenolysis and deprotection for the formation of D-T4P 

L-T4P was synthesised us ing the same method as described above for the synthes is  of 

D-T4P from L-diethyl tartrate as the starting material . S imi lar yields ( 1 0 % overal l  y ield) 

and i dentical spectra were obtained. 

2.4. Conclusion 

Fol lowi ng the success of synthes i s  of D -E4P in 73 % yield from D-Glu6P us in g  the 

standard l iterature procedure, thi s  procedure was adapted for the synthesi s of D -T 4P 

from o-Gai6P. D-T4P was synthesised via lead tetraacetate oxidative c leavage of D-

Gal6P. The D-T4P was i dentifi ed and quantifi ed by enzymatic reactions cataly sed  by 

e i ther transaldolase or DAH7P synthase. The y ield  of the in i tial oxidation reaction of D-

Gai6P was determi ned to be around 1 9  %. Th i s  l ow y ield  appears to be due  to 

substantial over-oxi dation to o-glyceraldehyde 3-phosphate. Thi s over-oxidat ion  may 

resul t from the presence of a second c is-d io l  between C3 and C4 i n  the D-
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galactopyranose phosphate start ing material , w hi ch  i s  trans configuration i n  the o

Glu6P form. The low yie ld of the o-T4P and the presence of other aldehyde p hosphates 

i n  the product mean that thi s  preparation of o-T4P was not part icularly satisfactory for 

undertaking enzyme k inetic studies. Additionally, after completing these i n it ial studies ,  

i t  was found that the o-Gai6P was no longer commercial l y  available. 

o-Gal6P was synthesised from o-galactose in order to repeat the i nit ial studies of the 

synthesis of o-T4P using o-Gai6P. o-X5P, a five-carbon phosphorylated sugar, was also 

synthesised to i nvestigate w hether one-carbon c leavage was more effic ient than two

c arbon c leavage from o -G ai6P. However,  al though o-X5P was successfu l l y  

synthesised, there was no s ign that o-T4P was prepared from o-X5P by l ead tetraacetate 

oxidation. Thi s  i s  poss ib ly due to the smal l scale that th is  reaction was carried out on. 

With the unsatisfactory yie ld and the requirement to synthesise the start ing material ,  the 

oxidative cleavage of o-X5P using lead tetraacetate was not an i deal route for D-T4P 

generation. 

To overcome the problem with oxidat ive cleavage, a more efficient synthesis  of o-T4P 

was des igned from e i the r  2 ,3 -0-isopropyl idene-o-threitol or o -d i ethy l  tartrate . 

U nfortunately, o-T4P was not produced from 2,3-0- isopropyl idene-o-threitol due to the 

i nabi l i ty to protect the aldehyde group on 2,3-0-isopropyl i dene-o-thre itol 4-phosphate.  

However, by modify ing th i s  route, o-threitol 4-phosphate was synthesised, which may 

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

o-T4P was prepared from o -d iethyl tartrate i n  1 2  % overall y ie ld .  L-T4P was also 

synthesised from L-diethyl tartrate employing the same method. The deta i led study of 
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the i nteraction of D- and L-T4P w ith E. coli DAH7P synthase and P. furiosus DAH7P 

synthase i s  described in  chapter four. 
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C hapter  Three 

PREPARATION OF o-A5P AND ITS ANALOGUES 

P REPARATIO N  OF o-ARABI NOSE 5-PHOSPHATE A N D  I TS 
ANALOGUES 

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

Structural changes to four-carbon monosaccharide p hosphate substrates were descri bed 

i n  chapter two. This  chapter describes the preparation of five-carbon phosphoryl ated 

monosaccharides. The i nteraction of the compounds w ith K D08P synthase and DAH7P 

synthase i s  d i scussed in  the fol lowing chapters. 

3.1. 1. Previous stud ies with substrata analogues of o-ASP 

While DAH7P synthase i s  known to be able to uti l ise five-carbon sugars as wel l  as four-

carbon sugars to produce KD08P,74'79 KD08P synthase appears to be much more 

specific in i ts substrate selection.83-85 Four- and five-carbon phosphorylated sugars have 

been examined as substrates and only natural substrate o-ASP and 2-deoxyRSP were 

found to be alternat ive substrates for E. coli KD08P synthase,  whereas o-R5P d id  not 

appear to be a substrate for the enzyme.85'9nzs Th is  has provi ded some i nsight i nto the 

rol e  of the C2 hydroxyl group of the monosaccharide i n  the condensation reaction s ince 

the configurati on of the C2 hydroxyl group of o-RSP is opposite to that of o-ASP and 2-

deoxyRSP complete ly l acks the C2 hydroxyl group of o-ASP and o-RSP. 
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Whereas the i mportance of the C2 hydroxy l group stereochemistry of D-ASP for 

KDOSP synthase has been i nvestigated, the importance of the correct stereochemistry at 

C3 and C4 has not been studied.  I n  early studies, 3 -deoxyASP was prepared and was 

shown to be neither substrate nor i nh ib i to r  for E. coli KDOSP synthase.94 On the other 

hand, 4-deoxyASP was shown to be a substrate for this enzyme. 1 1 1  D-XSP (C3 epimer of 

o-ASP) has also been shown not to be a substrate over four decades ago. 151 However, no 

ev i dence or data were provided to support this result .  S i nce then,  any further 

i nvestigations for the interactions of the compounds w i th the alte rnative configuration 

of the hydroxyl group at C3 or C4 have not been reported. This lack of i nformation led 

us to i nvestigate the preparation of alternative diastereoi somers of D-ASP (Figure 3 . 1 ) . 

T hese compounds were prepared by a combinat ion of chemical  and enzymatic 

syntheses and were exami ned as substrates for N. rneningitidis K DOSP synthase. This  

series of analogues have allowed us to i nvestigate the i nfluence of the hydroxyl group 

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

CHO 
H$0H 
H OH 
H OH 

CH20P032-

D-R5P 

L-X5P 

CHO 
HOt 

H OH 
H OH 

CH20P032-
D-A5P 

CHO 

HO H 
H OH 

CHO "f" HO H 
H OH 

CH�P032-

D-X5P 

HO*H 

CHPP032-

D-L5P 

F igure 3 . 1 . P hosphory lated pentoses. o-A5P (boxed) is the natural substrate of KD08P 
synthase 

76 



Chapter Three PREPARATION OF o-A5P AND ITS ANALOGUES 

3.1.2. Previous preparation of o-ASP 

OH SPr 
HO�SPr 

OH OH 

o-arabino-dipropyl 
dithioacetal 

Drierite'"' , 
HgCI2, 
MeOH , 
95 % 

HORH 0-.._ 

OMe OH 
methyl a-o-arabino-furanoside 

..----------__..._ _____ __, N-chlorosuccinimide, diphenyl dibenzyl phosphite, 
0 phosphonochloridate 0 2,6-dimethylpyridine, aceton itri le 
1 1  

49 %  1 1  Ph0-6;�'\----
o-......j: sno-6��'\----

o
-....../� 34 % 

��Me �6Me 
OH OH 

methyl-5-0--(diphenylphosphono)- methyl-5-0-(dibenzylphosphono)-
a-o-arabino-furanoside a-o-arabino-furanoside 

i . MeOH� 
H2, Pt02 

ii. H20, 1:1, N2, LiOH 
84 % 0 

11 uo-�-oRH Oli 0-.._ 

OH OH 

i . 2-propanol , H2, 
Pd-on-carbon 

ii. Dowex H+ 
i i i . LiOH 

78 % 

o-arabinose 5-(dil ithium phosphate) 

Figure 3 .2 .  Synthetic method for the preparation of D-A5P. Taken from Maehr and Smallheer. 1 52 

Al though D-A5P i s  commerc ia l ly  avai l able ,  i t  i s  a re l at ive ly  expe ns ive compound 

(about U S D  1 06/mol). Both enzymat ic  and chemical syntheses of D-A5P have been 

previously reported. 15 1 1 53 In early studies,  o-A5P was prepared synthet ical ly from e ither 

oxidati ve c leavage of D-G l u6P by lead tetraacetate or by synthes is  from o-arabi nose 

w ith polyphosphoric acid . 1 51 o-A5P w as a lso chemical ly synthesi sed by Maehr  and 

Small heer i n  1 978 using D-arabinose d ipropyl d i th ioacetal as a starting  material ( Figure 

3 .2). 1 52 D-A5P (89 % yield) has enzymatical ly been synthesised from o-arabi nose us ing 
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two enzymes, hexokinase (EC 2 .7 . 1 . 1 ) and pyruvate kinase (EC 2 .7 . 1 1 .2) . 153 I n  th i s  

coupled enzyme system,  hexokinase catalyses the  generation of  D-A5P from D-

arabinose us i ng a catalyt ic amount of  ATP.  ATP i s  generated from A D P  by the  

conversion of PEP to  pyruvate catalysed by pyruvate k inase (Figure 3 .3) . 1 54 

HO 'RH 
o _  

OH 
OH 

a-arabinose 

hexokinase 

2-o3PO'R
H 

o_ 

-�---=---��-.. 
ATP ADP OH 

OH 

��pyruvate ��kinase 

pyruvate P E P  

D-ASP 

Figure 3.3 .  Enzymatic synthesis of o-A5P153 

As the enzymat ic  synthesis i s  a most commonly employed and convenient method, this 

route was chosen for D-A5P production. Th i s  chapter describes the synthes is  of D-A5P 

and D-L5P from D-arabinose and o-lyxose, respectively, employing this method. o-X5P 

and L-X5P were also synthesised chemical ly us ing D-xylose and L-xylose, respectively. 

3.1.3. Preparation of o-ASP 

As the coupled enzyme system using  hexokinase is known to be the s implest and easiest 

procedure as described above, 1 53 thi s  route was adopted for the preparation of o-A5P. 

To prepare D-A5P, PEP, ATP, MgS04, and KCI w ere added to a solution of D-arabinose 

in w ater and the p H  of the solut ion was adjusted to pH 7 .65 w i th l M  NaOH. The 

reaction was i ni ti ated by the add i ti on of pyruvate k inase and hexokinase.  The reaction 
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progress was followed by 3 1P  NMR spectroscopy and complete loss of the PEP from the 

reaction mixture was observed after 48 hours (Figure 3 .4). 

2-o3Po)'co2- (\ 

������������--� �  

Figure 3.4.  Enzymatic formation of o-A5P followed by 31 P NMR.  The reaction was performed at 
pH 7.6 and at room temperature. 

The i mpure D-A5P w as p urified usi ng a SourceQ™ anion exchange column. D-A5P was 

eluted using a 0- 1 M NH4HC03 gradient and fractions contain i ng o-ASP i de ntified by 

enzymic assay w i th N. meningitidis KD08P synthase ( see chapter five), were pooled 

and lyoph i l i sed g iv ing o-ASP (95 % ) . 
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Chapter Three 

3. 1.4. Preparation of o-L5P 

PREPARATION OF o-ASP AND ITS ANALOGUES 

A s  o-arabinose could be readi ly phosphorylated using hexokinase, this prompted us to 

i nvest igate w hether o -Iyxose might  a lso be a substrate for hexoki nase. Th i s  was 

preferable to embarking on a multi step synthesis that would requ i re various protecting 

and deprotecting steps. 

Accord ing to the studies on the substrate ambiguity of hexokinase, it has been shown 

that hexokinase catalyses the phosphorylation of o-mannose as effectively as o-gl ucose, 

the natural substrate of hexokinase. 1 55' 156 However, o-galactose was not a substrate for 

the enzyme, suggest ing that hexokinase i s  h ighly tolerant of configurational changes at 

C2 and C3 of o-gl ucose but less tolerant to changes at C4. 157- 1 6
2 

Whereas hexose sugars 

have been wel l  studied as substrates for hexoki nase, the phosphorylation of pentose 

sugars is less well studied. In 1 986, M ichalcacova et al. reported that five-carbon sugars 

(o- and L-arabinose, o- and L-ribose, o- and L-xylose, and o- and L-lyxose) were not 

substrates of yeast hexoki nase. 1 56 H owever, it was demonstrated in 1 988 that o

arabinose was a substrate for the enzyme and o-A5P was synthesi sed using the coupled 

enzyme reaction described in section 3 . 1 .2. 1 53· 155 No other five-carbon sugars have been 

reported to be phosphorylated by hexokinase , other than o-arabinose. It was considered 

poss ible that the method used for the preparation of o-A5P could be adapted for o-L5P 

preparation al though o-Iyxose has an inverted configuration at C3 rel at ive to D

arabi nose (Figure 3 . 1 ). 

Using the same method used for o-A5P preparation, PEP, ATP, M gS04, and KCI were 

added to a solution of o-Iyxose in  water, and then the pH of the sol ution was adjusted to 
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7 .65 using l M  NaOH. Both hexokinase and pyruvate kinase were added to i n i tiate the 

reaction, wh ich was fol lowed by 3 1 P N M R  spectroscopy. After 29 hours, evidence for 

2-o3P0[_9_!::fo _
9� � 

------�---D--L�5-P�O--H_A�------------�------------ 1 6 8  hours 

1�7 hours 

1 8 2  hot-rs 

6 5  .10 U C S  

4 8  hou r s  

2 9  h o u r s  

0 h o u r  
4 3 - 1  - 2 pp:n 

Figure 3.5.  Enzymatic formation of o-L5P fol lowed by 31 P NMR The experiment was performed 
at pH 7.6 and at room temperature. 

o - L5 P  was observed i n  the 3 1P N M R  spectrum, i nd icat ing that D -L5 P  could be 

generated from this coupled enzyme reaction (Figure 3 .5) .  However, to complete the 

phosphory lat ion of o-lyxose, more than three t imes the amount of hexokinase and 

pyruvate ki nase were requ i red and the reaction took 3 .5 ti mes longer than the 
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phosphorylation of o-arabinose ( Figure 3 .5) .  Thus, although o-Iyxose does appear to be 

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

Analys is  of the stereochemistry may explain that o-arabi nose is a better substrate for 

hexokinase than o-Iyxose. It has been found that hexokinase reacts wel l with sugar 

compounds that have the same configuration at C3 and C4 as o-gl ucose, the natural 

substrate of hexokinase. 1 56 o-Arabinose has same hydroxyl group configuration at both 

C2 and C3 to C3 and C4 hydroxyl groups of o-glucose. On the other hand, the 

configuration of the hydroxyl group at C2 of o-Iyxose i s  same as C3 hydroxyl group of 

o-gl ucose but C3 hydroxyl group of o-lyxose has the opposite configuration to C4 

hydroxyl group of o-glucose. Th i s  may explai n why o-lyxose was observed to be a 

poorer substrate for hexokinase than D-arabinose. 

To remove the enzymes from the o-LS P mixture after phosphorylation was complete, 

the sol uti on was fi ltered through a molecular weight cut off device and the impure D

LSP in the fi ltrate was purified us ing a SourceQ ™ anion exchange col umn. Fractions 

conta in ing o-LSP were confi rmed using B ial ' s  reagent, an establ i shed method for the 

detection of pentoses . 163- 165 When the purified fractions were tested w ith B ial 's reagent, 

a green colour appeared where D-LS P was present. Fractions that contained o-LSP  were 

then pooled and lyophi l ised, giv ing o-LSP (84 %). 

3. 1.5. Preparation of o-X5P and L-X5P 

A s  mentioned i n  chapter two, o- and L-XSP were prepared i n  order to investigate their 

usefulness as starti ng materials for the production of o- and L-T4P. Additional ly,  these 
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five-carbon phosphorylated sugars that have alternat ive stereochemistry to o-A5P are 

potential ly useful al ternative substrates for DAH7P or KD08P synthases in thei r  own 

right. 

o-X5P has the opposi te configuration at C2 and C3 (Figure 3 . l )  as compared to o-A5P. 

L-X5 P, on the other hand, has the same C2 and C3 confi guration to o-A5P but i s  

i nverted at C4. I n  early studies, D-X5P was examined wi th E. coli KD08P synthase and 

was found not to be an alternative substrate of the enzyme. 15 1 However, no further 

i nvestigation has been carri ed out on the role of C2 and C3 hydroxyl groups with th i s  

enzyme. Th is  lack of information o n  the stereospec ifi c i ty w i th KD08P synthase 

encouraged us to prepare o- and L-X5P to investigate the tolerance of the enzyme to 

configurational change at C2, C3, and C4. Both D-X5P and L-X5P were prepared using 

the same sequence of reactions but w ith d ifferent starti ng materials, o-xylose for o-X5P 

and L-xylose for L-X5 P. 

The preparation of o -X5P i s  a stra ightforward synthet ic  route ( Fi gure 3 .6). 166· 167 

Treatment of o-xylose w ith acetone gave the 1 ,2 :3 ,5-bi sacetonide. Selecti ve removal of 

the 3 ,5-acetonide with d i l ute hydrochloric acid  gave the correspondi ng 3 ,5-diol .  The CS 

hydroxyl group was then select ively phosphory lated and the phenyl esters were 

removed by hydrogenolysis. I n  order to g ive unprotected D-X5P, the partia l ly protected 

o-X5 P was d i ssolved i n  water and was heated at 50 OC to remove the 1 ,2-acetonide.  

This  aqueous sol ution contain ing o-X5P was then lyoph i l i sed to g ive D-X5P in 22 % 

overa l l  y i eld  as analysed by the loss  of PEP at 232 nm at 25 OC w ith E. coli 

DAH7P(Phe) synthase. 
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HOGH .--0 

OH 
OH 

0 
1 1  HO-�-OqH OH .--0 

OH 
OH 

CuS04 
Me2CO, 
H2S04 

0 
1 1  HO-P-OGH I 0 H 0 !l OH .--

-2=--· -
0 o-y 
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Figure 3.6. Synthesis of o-X5P 
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L-X5P was also prepared from L-xylose by adopting the same method. L-X5P was 

obtained w i th 1 3  % overall y i e ld .  The presence of th is  compound was detected by 

moni toring the loss of PEP at 232 nm at 30 OC with N. meningitidis KD08P synthase. 

More deta i l s  of how D- and L-X5P i nteract w i th E. coli DAH7P synthase and N. 

meningitidis KD08P synthase are provided in chapter five. 

3.2. Summary 

o-A5P and i ts stereoi somer, D-L5 P, were successfu l ly  prepared usmg hexokinase 

catalysed phosphorylat ion.  The formation of o-A5P and D-L5P was observed by 3 1 P 

N M R  spectroscopy. The reaction t ime of o-lyxose was slower than that of D-arabinose, 

suggest ing that o-lyxose might be a poorer substrate for hexokinase than D-arabinose. 

The D - and L -X5P w ere generated syntheti cal l y  from D -xylose and L-xylose, 

respectively. 
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C hapter Four 

INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH7P SYNTHASES 

I NVESTIGATIO N  I N TO TH E E NZYME-SPECI FIC REACTIO N  
WITH 3-DEOXY -o-ARAS/NO-H E PTU LOSO NATE 7 -PHOSPHATE 
SYNTHASES U S I N G  P H OSPHORYLATE D MONOSACCHARI D E  
ANALO G U ES 

This chapter describes how d iastereomers of the natural substrate o-E4P interact w ith E. 

coli and P.  furiosus DAH7P synthases. The synthetic routes that gave r ise 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 d iscussed in section 1 .2 .5 ,  the comparison of sequences and structures has revealed 

that the subfami ly 160 DAH7P synthases are more closely related to the subfamily I bK 

KD08P synthases than to the lb  subfamily of DAH7P synthases.6
2 

P. furiosus DAH7P 

synthase i s  from the 160 subfamily and i t  has been shown that this i s  l i kely to be the 

most c losely related DAH7P synthase to the I bK subfami ly  yet characterised due to i ts 

lack of feedback i nhibit ion, i ts requirement for a divalent metal , and its broad substrate 

specific i ty .74 

Prior to the commencement of these studies, some l imi ted substrate specific i ty studies 

had been reported. I t  was shown that E. coli DAH7P(Tyr) synthase was able to accept 

phosphonate analogues of o-E4P as substrates.89• 132 A range of commercial ly avail able 
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five-carbon-sugars, o-R5 P, D-A5P, and 2-deoxyRSP have been tested .79 Th i s  study 

showed that these compounds acted as alternative substrates of E. coli DAH7P(Phe) 

synthase and the products of the enzymatic reaction were characteri sed .  

During the course of the studies descri bed in this thes is ,  P .  furiosus DAH7P synthase 

was characteri sed functionally and structural ly .39.74 A l so,  i n  paral lel  studies,  2- and 3 -

deoxyE4P were synthesised and tested a s  substrates for E. coli and P .  furiosus DAH7P 

synthase by another PhD student, Amy Pietersma w ith in our Iaboratory .74·90· 130 The  

find ings of these studies have d i rect bearing on  the results presented in  th i s  thes is  and 

wil l  be presented and d iscussed in detai l i n  chapter s ix .  

Although a number of studies  of the substrate specific i ty of DAH7P synthase have been 

reported ,  the tolerance of DAH7P synthase to configurational changes at C2 or C3 of 

natural substrate o-E4P has not been studied previously .  Addit ional ly ,  it has been 

reported that the C2 epimer of o-A5 P, o-R5P (w ith E4P- I ike C2 configuration) i s  not a 

substrate for the KD08P synthases from E. coli and A .  aeolicus.83·85· '25 As we are 

in terested in the relat ionsh ip between DAH7P synthase and KD08P synthase, th i s  

observation led us to examine substrate specific i ty and how important the  C2 or C3 

configuration i s  for DAH7P synthase. 

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

o-T4P was synthesi sed from e i ther o-Gai6P or o-d iethyl tartrate, and L-T4P w as 

synthesi sed from L-diethyl tartrate as described in  chapter two. The synthetic D- and L-

T4P were tested as alternat ive substrates for E. coli DAH7P(Phe) synthase in a s imple 
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UV assay system. Al l  assays were performed i n  50 mM BTP buffer (pH 6.8) and at 25 

OC. A l l  buffers and solut ions were Chelex-treated, and the enzymic react ion was 

in i tiated by the addition of the purified E. coli DAH7P(Phe) synthase. The progress of 

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

W hen the o - and L-T4P were incubated with E. coli DAH7P(Phe) synthase in  the 

pre sence of PEP and Mn2+, a t ime-dependent loss of absorbance at  232 nm w as 

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. 

I n  order to confi rm that PEP loss was connected to both the consumption of o- 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 (L-DXH7P) from D- and L-

T4P, respectively, were prepared on a l arger scale. The o-DLH7P and L-DXH7P were 

then tested with thiobarbituri c acid fol lowing  cleavage w i th periodate as described i n  

section 2 . 2 . 3 .  Thi s gave a p i n k  colour consi stent w ith the formation of the 3 -

deoxyal du losonic ac ids .  Based o n  these observati ons ,  i t  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 o-T4P and L-T4P with E. 
coli DAH7P{Phe) synthase 

Kinetic parameters for o- and L-T4P were determined by monitoring the loss of PEP as 

observed at 232 nm. The reaction m ixtures,  w i thout enzyme were incubated at 25 OC for 

5 minutes prior to in i ti ation and the reaction was in it iated by the addition of the purified 

E. coli DAH7P(Phe) synthase. The consumption of PEP was monitored and in itial rates 

87 



Chapter Four I NVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH7P SYNTHASES 

were recorded.  The steady state kinetic parameters were calculated by fitti ng data to the 

Michael is-Menten equation us ing Enzfitter0 (B iosoft, v 2.0). The Michael i s-Menten 

plots from which these values were calculated are shown in Figure 4. 1 .  A summary of 

the cal culated kinetic parameters i s  shown in  Table 4. 1 .  

(a) 

(b) 

Rate (1-'mol/mln) 
3. 2 x 1 Q  -02 
3. QM 1 Q -02 
2. 8 • 1 0  -02 
2.6>< 1 0  -02 
2.4 • 1 0  -02 
2. 2 '"' 1 0  -02 
2.0 .. 1 0  -02 
1 . 8 >< 1 0 -02 
1 . 6 K 1 Q  -0 2 
1 . 4 "' 1 0 -02 
1 . 2 K 1 Q -02 
1 . 0 • 1 0 -0 2 
S. O x 1 Q -03 

6. Q>e 1 Q  - O :J  e 
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Figure 4. 1 .  M ichaelis-Menten plots for the determination of KM and kcat for (a) o-T4P and (b) L
T4P with E. coli DAH7P(Phe) synthase 
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Table 4 . 1 .  
Kinetic parameters of o-T4P and L-T4P with E. coli DAH7P(Phe) synthase 

D-E4P
a 

o-T4Pb L-T4P" 

KM monosaccharide (!-1-M) 

k / K monosaccharide 
ca1 M 

2.0 ± 0.2 

39 ± 4  

26 ± 2 

670 & t o-3 

• The kinetic parameters were determined by Or L. Schofield -" 

1 3  ± 1 9 ± 0. 1 

390 ± 1 3  750 ± l O  

2.5 ± 0. 1 1 .5 ± 0. 1 

6 & 10'3 2 & w-3 

b o -T4P synthesised from o-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 1 1 2 �M of PEP. 

c The kinetic parameters were determined at a concentration of 1 26 �M of PEP. 

As the kinet ic  data show, the KM val ues for both o- and L-T 4P were observed to be at 

least an order of magnitude higher than that observed for the natural substrate o-E4P. 

The value for L-T4P was even higher, i nd icati ng that this compound does not have as 

h igh an affi n i ty for the enzyme. The kcal values found when either D- or L-T4P were 

used as substrates were about an order of magni tude lower l eadi ng to specific i ty 

constants approxi mately two orders of magni tude lower than those found for th i s  

enzyme w hen usi ng  o-E4P. I n  add i t ion ,  the specifi c i ty constant for L-T4P i s  

approximately three times lower than that for o-T4P, suggesting that L-T4P i s  a poorer 

substrate than o-T4P for E. coli DAH7P synthase. 
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4. 1 .2 .  Enzymatic reaction of o-T 4P and L-T 4P with P. furiosus DAH7P 
synthase 

Synthetic o-T4P and L-T4P were also tested as alternative substrates for P. furiosus 

DAH7P synthase. P. furiosus is a hyperthermophi l e  found in deep-sea hydrothermal 

vents. The expression, purification, and characteri sation of P. furiosus DAH7P synthase 

were carried out by Or Linley Schofie ld  from our group?9 As P. furiosus has an 

optimum growth temperature of l 00 °C,  activ i ty assays of P. furiosus enzyme should 

ideally be done close to th i s  temperature . However, due to i nstab i l i ty of substrates at 

h igher temperatures, 60 OC was chosen for activ i ty assays. The pH of the buffer was 

adjusted at 60 OC to pH 6.8. The extinction coefficient of PEP at 60 OC was determined 

All assays were performed in  50 mM BTP buffer (pH 6.8) at 60 OC.  All buffers and 

solutions were Chelex-treated and al l assays were i n i t iated by the addit ion of four-

carbon monosaccharide, o- or L-T4P. The reaction was monitored by the loss of PEP at 

232 nm. The loss of absorbance i n  these assays indicated that both D- and L-T4P were 

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

4.1 .2 .1 . Determi nation of kinetic parameters of o-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?9 In it ial rates of the assay w ith the 

enzyme were recorded and steady-state ki netic s  parameters were ca lcu lated us ing 

Enzfitter6 (B iosoft, v 2.0). The Michae l is-Menten plots from which these val ues were 
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calculated are shown m Fi gure 4.2. A summary of the kinetic parameters i s  given m 

Table 4.2 .  

(a) 

(b) 

Rate (JJmollm l n )  
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0.04 
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F igure 4 .2 .  Michaelis-Menten plots for the determination of KM and kcat for (a) D-T4P and (b) L
T4P with P. furiosus DAH7P synthase 

A s  the values show, it i s  c lear that o- and L-T4P are alternative substrates for P. furiosus 

DAH7P synthase. In addition, the KM values for o- and L-T4P w ith P. furiosus DAH7P 

synthase are more than one order of magnitude lower than those for o- and L-T4P w ith 
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E. coli DAH7P(Phe) synthase, and closer to the KM val ue 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 o-T4P and L-T4P with P. furiosus DAH ?P synthase 

D-E4P" o-T4Pb L-T4P" 

KM monosaccharide (fA M) 

k / K monosaccharide 
cat M 

93 ± 9 

9 ± 1 

1 .4 ± 0. 1 

1 60 6 w-3 

' The kinetic parameters were determined by Or L. Schofield . 74 

1 3  ± I 1 5 ± 1 

2 1  ± I 47 ± 3 

2.4 ± 0. 1 4.0 ± 0. 1 

1 1 0 6 w-3 85 6 w-3 

b o-T4P synthesised from o-diethyl tartrate was chosen to avoid contaminants from oxidation that might 
affect the kinetic results. The kinetic assays were determined at a concentration of 458 flM of PEP. 

' The kinetic parameters were determined at a concentration of 63 flM of PEP. 

4.2. Enzymatic Synthesis of DAH7P and Its Analog ues 

I n  order to establ ish that an aldol - l ike reaction was involved and that the D-E4P isomers 

used by DAH7P synthase led to DAH7P i somers, a l arge-scale enzyme reaction was 

performed to generate suffic ient products for characterisation (F igure 4.3) .  A lthough 

both D- and L-T4P are alternative substrates of both E. coli and P. furiosus enzymes, E. 

co li DA H7 P( Phe) synthase was used for the large-scale enzyme reaction due to 

instab i l i ty of o-T4P and L-T4P at 60 OC. 
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INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH?P SYNTHASES 

E. coli DAH?P(Phe) synthase 

N. meningitidis KD08P synthase 
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OH 

D-DLH?P 
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Figure 4 .3 .  Generation of (a) DAH7 P  and its analogues from four-carbon substrates and PEP 
us ing E. coli DAH7P( Phe) synthase, and of  (b )  KD08P from o-A5P u sing  N. meningitidis 
KD08P synthase. Products are shown only i n  the o -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 MnS04 were added to reaction mixtures and the pH was adjusted to 

pH 7. The reactions were in i t iated by the addition of enzyme and the loss of PEP was 

monitored at 270 nm. A h igher wavelength than the 6max for PEP was used to keep the 

absorbance measurements w ithin the l inear range of the spectrophotometer. 

After the loss of PEP had ceased,  the enzyme was removed by ultracentrifugation . The 

products were then pur ifi ed  by an ion-exchange ch romatography ( SourceQ ™ ,  

A mersham) e luting wi th an ammonium bicarbonate gradient. The fractions were tested 

wi th  thiobarbituric acid assay to i dentify the presence of DAH7P, o-DLH7P, and L

DXH7P. Fractions that tested positi ve in this test were then pooled, lyoph i l i sed, and 

stored in the freezer at -80 oc prior to N M R  and mass spectral analysis. Products were 

analysed by h igh resolution ESI  (negative ion mode). The spectra showed peaks w ith 

the same mass as DAH7P (287.0 1 3  for DAH7P; 287.0 1 23 for o-DLH7P; 287.0 1 68 for 

L-DXH7P), indicati ng that the products formed by reaction of PEP with the o- or L-T4P 

m ixtures are i somers of DAH7P. 

As  shown on Fi gure 4.4, the 1H N M R  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 ass igned by comparison to the data reported for DA H7P and 

KD08P.79•96•1 08• 168 For compari son, DAH7 P and KD08P were a l so prepared by the 

enzymatic reaction using E. coli DAH7P(Phe) synthase w ith PEP and o-E4P and using 
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Figure 4.4.  1 H NMR spectra of purified (a) DAH 7 P  and (b) KD08P.  The structures of seven- and eight-carbon sugars are 
only shown in o -pyranose forms for clarity. 
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Figure 4.4 cont inued . 1 H NMR spectra of purified (c) o-DLH7P and (d) L-DXH7P. The structures of seven- and eight
carbon sugars are only shown in o -pyranose forms for clarity. 
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N. meningitidis KD08P synthase w i th PEP and D-A5P. Purifi ed DAH7P and KD08P 

were a lso analysed by h igh-resolution ESI  and N M R  spectroscopy and the results 

showed the expected masses (287.0 1 3  for DAH7P; 3 1 7.0277 for KD08P) and spectra 

( Figure 4.4) to the reference compounds.79'96' 1 08' 168 The spectra of o -DLH7P and L

DXH7P were assigned by compari son to the DA H7P and KD08P spectra. An  N M R  

software prediction program (ACD/NMR predi ctor software, v .8 . l 0) was also used to 

check assignments. 

The major ring i somer of DAH7P i s  the b -pyranose form. The 1 H NMR spectrum of 

DAH7P showed cl early two major peaks at 1 .7 1  and 2 .09 ppm (F igu re 4.4) 

corresponding to the two geminal protons at C3 (Figure 4.5) .  The coupl ing constants of 

1 3 .2 and 1 3 .2 Hz from the l .7 1  ppm peak, and 1 3 .2  and 5.6 Hz from the 2.09 ppm peak 

showed that these represent H3ax and H3eq' respecti vely (Figure 4.6). The i nterpretation i s  

consi stent w ith both N M R  predict ion and the other publ i shed ass ignments for 

DAH7P. 130 Th is  can be used as a reference of H3ax and H3eq posit ion to pyranose ring 

form of other  seven- or e ight-carbon r ing compounds. Other  small peaks in the 

spectrum of DAH7P are attri buted to the presence of small amounts of the b -pyranose 

and b - and b -furanose forms of DAH7P. 
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(a) (b) 

J 1 3.2 - - - ... H4 + \ .... _ 
- �-�:� 

6 2.09 

.... _ 
J 4.4 

6 2 .51 

Fig ure 4.6.  Assignment of H3 protons of (a) o -pyranose and (b) o-pyranose of DAH7P. o :  ppm; 
J:  Hz 

The key difference between KDOS P and DAH7P that i s  expected to infl uence anomer 

d i stribution is the alternat ive configuration at CS . This  decreases the stabil ity of the b -

pyranose relative to alternative b -pyranose , and b - and b -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 KDOSP 1H NMR spectrum has been assigned in  a number 

of d ifferent ways in the publi shed l i terature.79·96• 1 07' 1 08 I n  these analyses, the assignments 

for the b - and b -pyranose forms are consi stent; however, there appears to be some 

d i sagreement regard ing the assignment of the furanose forms. Baasov and Jacob, and 

Kohen et al. assigned the two peaks at 1 .9 and 2.4 ppm to the H3 protons of the b -

furanose form, and the 2. 1 2  and 2.2 ppm peaks to the H3 protons of the b-furanose form 

(Table 4.3).96' 107 Dotson et al. assi gns these peaks the other way around (Table 4.3). 108 
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Table 4.3 .  
The assigned C3 protons of the b - and b-isomers of KDOBP from 1 H N M R  chemical shifts with 

coupl ing constants given in brackets 

Pyranose furanose 
Reference 6 6 

(J Hz) (J Hz) 

6 -pyranose 6-pyranose 6 -furanose 6-furanose ff!;o,� �o,>-

�,'- �,� 

H 

HO 
o co2- HO 0 OH H H 

o2- H 

co2_ 
H 

OH H o2-

Dotson 108 H_lcq H3ax H3ilX H ,,q H ,a, H 3cq HJa' H3cq 
1 .7 1 .8 1 .6 2 . 1 2  2. 1 5  2 .2 1 .9 2.4 

( 1 4. 5, 3 0)  ( 1 4.5, 7.5)  

Baasov and Jacob,96 H3cq H_"\ax H.klX H 3cq H3ax H .lcq H,a, H.lcq 
1 .7 1 .76 1 .58 2. 1 5  2.4 1 .89 2. 1 2  2.2 

Kohen 107 
( 1 3.4. 6.6) ( 1 3 .4, 1 2.9) ( 1 3 .4. 1 2.4) ( 1 3 .4, 5.6) ( 1 4.2, 7.2)  ( 1 4. 2 ,  3 .2)  ( 1 3.3, 7.0)  ( 1 3 .4. 7.0) 

I n  another analysis ,  Sheflyan et 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 KD08P.79 Due to the problems in the assignment of 6 -

and 6 -furanose forms i n  the publ i shed spectra of KD08P, N M R  predict ion software 

was used to help assigning the furanose forms. However, the N M R  prediction software 

(ACD/NM R  predictor software, v 8 . 1 0) d id  not d i st ingui sh between 6 - and 6-forms, 

predicting a pai r  of peaks at 1 .78 and 2. 1 6  ppm for pyranose forms, and at 2.04 and 2.52 

ppm for furanose forms. To assign the spectrum of KD08P (and those of the other 

si milar sugars), we have tentati vely fol lowed the assignments of Baasov and Jacob, and 

Kohen et al. (Figure 4.7).96' 1 07 
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(a) 

(c) 

'8H 
7H  
6H 
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J 1 4.2 

H4 ... _ - - : 
�, • ·  • H3eq ,.. 

\ J 3.2 {) 1 .92 

' , 

(b) 

(d) 

'8H 
7H 
6H 

2-03PO 
HB' 

5H  HQ._ 

J 8.8 

H4 ... _ . : 

{) 2.2 

>-, . - � H3eq ,.. 

\ 

J 1 3.4 

J 7.3 {) 2.23 

Figure 4 . 7 . Assignment of H3 protons from (a) b -pyranose, (b) b-pyranose, (c) b -furanose, and 
(d) b-furanose of KD08P. b: ppm; J: Hz 

Due to the s imi larity between KD08P and o-DLH7P with respect to the configuration 

at C5, we considered that o-DLH7P was l i kely to share a similar anomeric d istribut ion 

to KD08P. Therefore, the spectrum of KD08P, tentat ively assigned, can be used to 

help assign the spectrum of o-DLH7P. Essential ly,  for this compound, four s imi lar sets 

of d iastereotopic protons were observed as identified with 1 D NMR spectrum (Figure 

4.4) and 20 COSY NMR spectrum (Figure 4.5) .  These resonances can be assigned to 

the 6 - and 6 -pyranose, and 6 - and 6 -furanose forms of o-DLH7P. I n  add it ion, the 

presence of one more set of geminal protons at 2.4 and 2.76 ppm was observed ( Figure 
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Chapter Four I NVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH7P SYNTHASES 

4.5 ). The coupl ing constants of these s ignals are consi stent to the values predicted by 

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

3 97 

3.98 

5 02 3 96 

5 06  4.02 
5.07 

0 . 10 
< 5 05 

5 08 
4.03 

4 05 

, · · ·H4• . 
\ · · .J 7.1 

\ · ·6 /) 2.52 
J 3.5 '· �';....---<.__0 : ��· �· � - . �" J 12 2>�0 

3eq HO-t-H5 
6H-1--0H ll 2.76 
71++-HT' 

OPO/-

3 62 

3.68 
3 68 

_;! 98-
3.95 

3 94 

3 65 

3.0 

H 3eq H3ax 
2 73 2 52 

2.74 2.54 

2.76 
2 77 

2.5 

Figure 4 . 8 .  Assignment of lactone form of o-D L H 7 P  and the calculated spectrum from N M R  
prediction software. 6:  ppm ; J: Hz 

L-T4P is the C3 epimer of o-E4P; therefore, the reaction product L-DXH7P wi l l  have 

the alternative configuration at C6. Thus, relative to DAH7P, there would be expected 

to be less preference for a single anomer of thi s compound. The ' H and 2D COSY NM R 

spectra of L-DXH7P showed also four sets of geminal protons in the region between 2.5 

and 2.8 ppm (Fi gure 4.5 ). These have been assigned to 6 - and 6 -pyranose, and 6 - and 
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6-furanose forms (Fi gure 4.9). The coupl ing  constants and chemical sh ifts of these 

s ignals are in l i ne wi th  val ues predicted by NMR prediction software (Table 4.4). The 

assignment of C3 protons of, and chemical shifts and coupl ing constants for DAH7P, o-

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

(a) 

3eq 
·," ·�'. � __ ... , , .... _ ........... . _ 

a-pyranose 

' 3ax 

' I I ! 
I j 
I i 1 \ j i  I . . I 

; \ 1 \ } :  .• . "  
3ax 

' )L ______ 2�_4 ___________ 2

1

_2 ___________ 2.o ___________ �_. s ___________ 1_' 6----�� �P� 

(b) 

I 
2.4 

a-furanose 

fl-pyranose 

I 
2.0 

a-pyranose 

I 
1 .8 

H3ax 

I .·. 

�----------------------------------� 
f\-pyranose 

[pp m] 

Figure 4.9 .  Assigned 1 H N M R  peaks for H3 protons of (a) DAH7P and (a) KD08P between 1 .5 
and 2 .8 ppm 
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F igure 4.9 continued . Assigned 1 H  NMR peaks for H3 protons of (c) o-DLH7P and (c) L-DXH7P 
between 1 .5 and 2 . 8  ppm 
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Table 4 .4 . 
1 H NMR chemical shifts and coupling constants for H 3  protons of DAH7P,  KD08P ,  L-DX H7P , and o-DLH7P 

DA H7P 

KD08P 

L-DXH7P 

o-DLH7P 

a-pyranose 
o (J Hz)  

OPO 2-

H���o2-

OH 

H3ax 1 7 1 ( 1 3 2, 1 3  2) 

H3eq: 2 . 09( 1 3. 2 ,  56) 

�o,� 

HO 
o co2-

OH 

H3ax: 1 7 9( 1 3  0, 1 13 )  

H3e 1 74( 1 3 .0, 5.7) 

H�rco2-

2-o3PO OH 

H3ax: 1 87( 1 2 8, 1 25) 

H3eq 1 . 83( 1 2  8, 5 .  I )  

�,� Ho 
o co2-

OH 

H3ax: 1 89( 1 2.9, 1 24) 

H3c : 1 . 84( 1 2.9,  6. 1 )  

�-pyranose 
o (J Hz) 

OPoi-

H��OH 

co2-

H )ax 1 5 1 ( 1 2 2, 1 18) 

H3eq: 2. 5 1 ( 1 2 2, 4 4) 

f{'� HO 
0 OH 

co2-

H3ax: 1 6 1 ( 1 2 2, 1 2 2) 

H3, : 2 20( 1 2. 2, 8.8) 

H��OH 

) CO -2-o3PO 2 

H3ax: 1 68( 1 24, 1 2 4) 

H3eq: 2 26( 1 24 50) �,' 
HO OH 

co2-

H3ax: l .  69( 1 24, 1 2 .4) 

H3!q: 2. 27( 1 2 .4, 4 .5)  

ax and eq refer to  the  ax ia l  and equatoria l positions in  the pyranose a nomers. 

a-furanose 
o (J Hz) 

�o, 

H 
H 

OP032-

�,' 

H 
:2-

H3ax: 2.45( 1 4. 2, 7 .2 )  

H3" 1 92( 1 4  2, 3 2)  

o co2-

HOt)cH 

OPol-

H3ax: 248( 1 43 ,  74) 

H3eq: 1 97( 1 4. 3 ,  3 . 3 )  

�,'-:2-
H3ax 2 5( 1 4  2, 7. I )  
H3,4 1 . 99( 1 4. 2, 2.9) 

�-furanose 
o (J Hz)  

�H 

co2-
H 

OP032-

�
0,' 

H 
OH 

co2-

H3ax 2. 1 5( 1 3 .4,  7.0) 

H3c : 2 . 23 (  1 3 .4 ,  7 .3)  

0 OH 

H0�02-

OPOl-

H3ax: 2 2 1 ( 1 3 7, 6 5) 

l-f3eq 2 29( 1 3 .  7, 7.0) 

�0,' 

OH 

co2-

H3ax 2 . 23 (  1 3 . 6, 6.8) 

H3"1 2. 30( 1 3 . 6, 7. 1 )  

I 
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Chapter Four 

4.3. Su mmary 

INVESTIGATION INTO THE ENZYME-SPECIFIC REACTION WITH DAH?P SYNTHASES 

To i nvestigate the role of the configurations at the C2 and C3 hydroxyl groups of o-E4P 

in the enzymatic reaction, the C2 and C3 i somers (D- and L-T4P) of o-E4P were tested 

w ith E. coli DAH7P( Phe) synthase and P. furiosus DAH7P synthase. Both o-E4P 

analogues were found to be alternative substrates for the E. coli DAH7P( Phe) synthase 

and the P. furiosus DAH7P synthase . Therefore,  the confi gurations of the hydroxyl 

groups at C2 and C3 are not critical for the enzymatic reaction. A l though the enzymes 

accepted both alternat ive substrates, the ki netic data i ndicated that o- and L-T4P were 

better substrates for P. furiosus DAH7P synthase than for E. coli DAH7P(Phe) 

synthase . Furthermore, both enzymes preferred o-T4P to L-T4P. These observations are 

cons istent with recent resu l ts us ing 2- and 3-deoxyE4P wi th these enzymes.90· 130 The 

imp l ications of these findings on react ion mechanism and a compari son to KD08 P 

synthase are discussed in  chapter s ix.  

o-DLH7P and L-DXH7P were prepared from the enzyme-catalysed reaction of o- and 

L-T4P w ith PEP and E. coli DAH7P(Phe) synthase. The NMR spectra of o-DLH7P and 

L-DXH7P were assigned (Figure 4.9), based on previously assigned spectra of DAH7P 

and KD08P showing four sets of geminal ly coupled systems for the H3 protons (Figure 

4.5)  from i5 - and iS-pyranose, and i5 - and iS-furanose forms between 1 .5 and 2 .8  ppm. 

An  additi onal set of geminal protons was observed in  the o-DLH7P spectrum, which 

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

Chapter Five 

PROBING THE ROLE OF HYDROXYL GROUPS IN KDOBP SYNTHASE 

PROBI NG THE ROLE O F  HYDROXYL G RO U PS I N  3-DEOXY o
MANNO-OCTULOSONATE 8-PHOSPHATE SYNTHAS E 

Th i s  chapter describes the i nteraction between stereoi somers of o-A5P and N .  

meningitidis KD08P synthase. The preparation of the diastereomers of o-A5P has been 

descri bed i n  chapter three. 

5.1 . Stereospecific Reaction of Substrata Analogues with KD08P 
Synthase 

A number of stud ies of K D08P synthase w ith o-A5P analogues have already been 

reported .  The fi ve-carbon sugars, o-R5 P, o-A5P, 4-deoxyA5P, 3 -deoxyA5P, and 2-

deoxyR5P, have been investigated as substrates for KD08P synthase from E. coli.83-

85·94· 1 0 ' - 1 1 1 4-Deoxy ASP was found to be an alternat ive substrate , consi stent w ith the 

enzyme using the acycl ic  form of o-A5 P. 1 1 1  3 -DeoxyA5P was found to be neither a 

substrate nor a inhi bitor.94 Addit ional ly,  2-deoxyR5P has been reported to be a very 

poor substrate for the E. coli KD08P synthase (KM = 50 fA, M ) .85 The C2 epimer of o-

ASP, o-R5P, does not act as a substrate for either metal -dependent or metal- independent 

KD08P synthases.83-85' 1 25 

A structural study of the A .  aeolicus KD08P synthase i n  complex  w ith o-R5P has been 

reported. 1
25 In this structure ,  a water molecule, which is coordinated to the metal ion and 
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Chapter Five PROBING THE ROLE OF HYDROXYL GROUPS IN KDOBP SYNTHASE 

C2 hydroxyl group of D-ASP ( in  the p resence of D-ASP), is observed to be m i ss ing 

when the enzyme binds D-RSP. The ineffect iveness of o-RS P as a substrate was 

attributed to the d i splacement of th i s  w ater molecule.  However, as metal -dependency 

can be e l i minated by a s ingle mutat ion of the metal-bi nding Cys to an Asn, 1
26• 1

27 it 

would appear that th is  water molecule is unl i kely to be an essential nucleophi le  in the 

catalytic mechanism. More deta i l s  of the role of the metal ion in K D08P synthase are 

d iscussed i n  chapter six. 

Although the substrate specific i ty of KD08P synthase has been i nvesti gated to some 

extent, there have been no complete studies using alternative stereoi somers of D-AS P  

wi th the enzyme. I n  this chapter, the specific  roles that the C2, C 3 ,  and C4 hydroxyl 

groups of o-ASP play in the KD08P synthase reaction are addressed by investigat ing 

how o-ASP diastereomers i nteract w ith  N. meningitidis KD08P synthase. For these 

studies,  the previously prepared D-ASP d iastereomers (Figure 5. 1 ), described in chapter 

three, were examined. 

CHO 
H$0H 
H OH 
H OH 

CH20P032-

o-RSP 

H OH 
HO H 

CHO 
HO$H 

H OH 
H OH 

CH20POl-

o-ASP 

HO$CH
� 

CH20P032-

L-XSP D-LSP 

CHO 
H$0H 

HO H 
H OH 

CH20P032-

o-XSP 

Figure 5 . 1 .  o-A5P, the natural substrate of KD08P synthase and its d iastereomers 
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Chapter F ive PROBING THE ROLE OF HYDROXYL GROUPS IN KD08P SYNTHASE 

In order to i nvestigate the abi l i ties of these compounds to act as substrates for KD08P 

synthase, the expression, purification, and characteri sation of KD08P synthase from N. 

meningitidis w ere carried out by Or Fiona Cochrane from our laboratory. 1 28 Th i s  

enzyme has 68. 3 % sequence i dentity w ith E. coli KD08P synthase, and, l i ke the E. coli 

enzyme, does not requ ire metal for activity. 

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

D- and L-X5P were synthetical ly prepared from D-xylose and L-xylose, respectively, and 

o-A5P and D-L5P were generated enzymatical ly as described in chapter three. These 

compounds were tested as alternative substrates for N. meningitidis KD08P synthase 

using the s imple UY assay system. All assays were performed in 50 mM BTP buffer. 

The pH of the buffer was adjusted to 7.4 at 30 OC. The compounds were incubated w ith 

PEP at 30 OC for five minutes prior to the reaction being i n itiated by the addition of 

purified N. meningitidis KD08P synthase. The reaction was moni tored by the loss of 

PEP at 232 nm. I n  the presence of PEP, a time-dependent loss of absorbance at 232 nm 

was observed when o-A5P or L-X5P, which has the same stereochemistry at C2 and C3 

as o-A5P, was used. On the other hand, no absorbance loss of PEP was seen in the 

presence of o-R5 P, o-X5P, or D-L5P. These observations suggest that o-R5P, D-X5P, 

and D-L5P are not substrates of N. meningitidis KD08P synthase, whereas L-X5P i s  a 

substrate for the enzyme. This result i ndicates that the correct C2 and C3 hydroxyl 

group configurations are essential for the enzyme-catalysed reaction w ith 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 i t  was found that o-R5P, and D- and L-

X5P were poor substrates for E. coli DAH7P( Phe) synthase. S i nce the reaction rates for 

the o- and L-X5P were very low even i n  h i gh concentration of these compounds (34 

mM for o-X5P; 30 mM for L-X5P) and of the E. coli DAH7P(Phe) synthase (0.7 fA-M),  

the enzyme assay system was too inaccurate to investigate kinetic parameters , and the 

products from D- and L-X5P were unable to be i solated and characteri sed . On the other 

hand, o-R5P was shown to be a considerably better substrate than o- and L-X5P. These 

in i tial observations suggest that o- and L-X5P are much poorer substrates than o-R5P 

for E. coli DAH7P( Phe) synthase. 

5.3. Determination of Kinetic Parameters of Su bstrate Analogues with N. 
meningitidis KDOSP Synthase 

Kinetic parameters for o-A5P and L-X5P were determined by monitoring the loss of 

PEP at 232 nm us ing a continuous absorbance assay . The reaction mixtures,  w ithout 

enzyme, were incubated at 30 OC for five minutes and the reaction was in i tiated by the 

addition of the purified N. meningitidis KD08P synthase. Consumption of PEP was 

monitored and in i ti al rates were recorded. 

The steady-state k inetic parameters were calculated by fi tt ing data to the Michael is -

Menten equation using Enzfitter13 (B iosoft, v 2.0). A summary of the k inetic parameters 

is shown in Table  5 . 1 and the Michael is -Menten p lots from which these val ues were 

calculated are provi ded i n  Figure 5 .2. As the kinetic data show, L-X5P i s  an a l ternative 

substrate for N. meningitidis KD08P synthase. 
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Table 5 . 1 .  
Kinetic parameters of o-A5P and L-X5P with N. meningitidis KD08P synthase 

o-A5P" L-X5P" 

KMPEP (!J.M) < l 2 .5 ± 0. 1 

KM monosaccharide (!J.M) 1 2  ± l 57 ± 2 

kcat (s- 1 ) 2.7 ± 0.6 1 . 1  ± 0. 1 

k / K monosaccharide 
cat M 

225 � 1 0"3 1 9  � 1 0·3 
(s- 1/!J.M) 

• The kinetic parameters were determined a t  a concentration of 1 60 f.IM PEP. 

(a) 

(b) 
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Figure 5 .2 .  Michael is-Menten plots for the determination of KM and kcat for (a) o-A5P and (b)  L
X5P with N. meningitidis K008P synthase 
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5.4. Enzymatic Synthesis of KDOSP and Its Analogues 

I n  order to confi rm that PEP loss was connected to the consumption of o-A5P and L-

X5P in  the KD08P synthase reaction and to the generation of the expected new eight-

carbon sugars (Figure 5 .3 ) ,  KD08P and 3 -deoxy-L-gulo-octulosonate 8-phosphate (L-

DG08P) were prepared on a large-scale. 3-Deoxy D-altro-octulosonate 8-phosphate (D-

DA08P) was also generated usi ng D-R5 P with PEP and £. coli DAH7P(Phe) synthase 

(a) 

(b) 

OH 0 
2-o3PO�H 

OH OH 
o-RSP 

OH 0 
2-o3PO�H 

OH OH 

o-ASP 

OH 0 
2-o3PO�H 

OH OH 

L-XSP 

E coli DAH?P(Phel synthase 

N. meningitidis KD08P synthase 

H co2-

H>=<oPol
PEP 

H��::, 
OH 

o-DA08P 

H
tC\

-
::,OP03 2-

HO�Co2-

OH 
KD08P 

H
ror::,OP032-

HO�C02-

OH 
L-DG08P 

Figure 5 .3 .  Generation of KD08P and its analogues from alternative substrates of (a) E. coli 
DAH ?P(Phe) synthase and (b)  N. meningitidis KD08P synthase. Only f3 -pyranose forms a re 
shown for clarity 
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s ince o-R5P is not a substrate of N. meningitidis KDOSP synthase. T he KD08P, o

DA08P, and L-DG08P were then tested w ith thiobarbituric aci d  (as descr ibed i n  

section 2 .2 .3) and the assays gave positive results for the products KD08P, o-DA08P, 

and L-DG08P. 

5.4. 1. Large-scale syntheses and purification 

I n  order to establ i s h  that KD08P i somers were generated from an aldol -l i ke react ion 

between the o-A5P i somers and PEP by KD08P synthase, suffic ient quantit ies of the 

products were required for the i r  more detai led characteri sation (Figure 5 .3) .  To generate 

KD08P and its i somers, L-DG08P and o-DA08P, large-scale enzymatic reactions were 

performed using e i ther the metal-i ndependent N. meningitidis KDOSP synthase or E. 

coli DAH7P(Phe) synthase. The reactions were in it iated by the addition of enzyme and 

the loss of PEP was mon i tored at 270 nm. A h igher wavelength than the �max for PEP 

was used to keep the absorbance measurements w i th in  the l i near range of the 

spectrophotometer .  After al l the PEP was consumed, the enzyme was removed by 

u l t racentr ifugat ion and  then the products were pur if ied by an i on-exchange 

chromatography ( SourceQrM , A mersham) us ing an ammon i um bicarbonate grad ient.  

Fractions were tested with th iobarbituric acid assay fol low ing periodate c l eavage to 

i dentify the presence of the e ight-carbon sugars, then pooled, lyoph i l i sed, and stored in 

the freezer at -80 OC prior to NMR and mass spectral analysi s .  The h igh-resol ution ES I 

showed that o-DA08P and L-DG08P have the same mass as KD08P (3 1 7 .0277 for 

KD08P; 3 1 7 .0275 for o-DA08P; 3 1 7 .0273 for L-DG08P), i ndicating that the products 

formed by reaction of PEP with the o-R5P or L-X5P are i somers of KD08P. 
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S i nce the cyc l i c  form of o-DA08P has the same configuration as DA H7P, we  

cons idered that o -DA08P was l i ke ly to  share a s im i lar anomeric d i stri bution to 

DAH7P. As predicted, the 1 H spectrum of o-DA08P clearly showed two major peaks at 

1 .65 and 2.0 ppm correspond ing to the two geminal protons on C3 (Figure 5 .4) . The 

coupl ing  constants of 1 2.7  and 1 2.4 Hz, and 12 .7 and 5.0 Hz associated w ith peaks at 

1 .65 ppm and 2.0 ppm, respectively, were s imi lar to those observed for the 13 -pyranose 

form of DAH7P. This  suggests that those two s ignals, 1 .65 and 2.0 ppm, represent 

respect ively,  H33, and H3eq from o-DA08P in  i ts 13 -pyranose form. There were small 

s ignals at 1 .43 and 2.42 ppm that are assigned as H3ax and H3eq from the 13-anomer due to 

the i r  si mi lar coupl ing constants (Table 5 .2) .  This  i nterpretation i s  consi stent w i th both 

the result of the NMR software predict ion program (ACD/NM R  predictor software,  

v .8 . 1 0) and the other publ i shed assignments for o-DA08P.96· 107 

The on ly difference between L-DG08P and KD08P is  at a stereocentre that i s  not 

incl uded in pyranose or furanose r ing forms. Therefore, the anomer d istri bution of L

DG08 P would be expected to be s imi lar to that of KD08P. I n  the spectrum of L

DG08P, four sets of geminal protons are observed between 1 .5 and 2.8 ppm (Figure 5 .5). 

As the 1 H N M R  spectrum of L-DG08P appeared to be s imi lar to that of KD08P, the 

spectrum of L-DG08P was assigned by comparison to the KD08P spectrum and by 

using the N M R  prediction program to check the ass ignments. The assignment of the C3 

protons of, and chemical shifts and coupl i ng constants for, o-DA08P and L-DG08P are 

shown in Figure 5 .6 and Table 5 .2 .  
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Figure 5.4.  1 H NMR spectra of isolated (a) o-DA08P and (b) L-DG08P.  The structures of eight-carbon sugars are 
only shown in I)-pyranose forms for clarity. 

� 

lJ 
::u 
0 
Q! 
z 
Gl 
-; 
I 
m 
::u 
0 
r 
m 
0 
, 
I 
-< 
0 
::u 
0 
X 
-< r 
Gl 
::u 
0 
c 
lJ 
(f) 

z 
/': 
0 
0 
CX> 
lJ 
(f) 
-< 
z 
-; 
I 
� 
(f) 
m 



Chapter Five 

(a) 

(b) 

PROBING THE ROLE OF HYDROXYL GROUPS IN KD08P SYNTHASE 

,r=��---=����--------------�---=--��--��--� E ; 
... 

I I 

0 ... 

4.0 3.5 3.0 2.5 2.0 F2 [ppm] 

Figure 5 .5 .  COSY spectra of (a) o-DA08P and (b) L-DG08P showi ng gem ina l  and vicinal  
coupl ings 
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(a) 

H r 
(b) 

I 
2.4 

2.2 

PROBING THE ROLE OF HYDROXYL GROUPS IN KD08P SYNTHASE 

u-pyranose 

H3ax 

H3eq 
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a-furanose 

.��L------2-�0 _______ 1 �  _____ __.l 
�pyranose 
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Figure 5 .6 .  Assigned 1 H NMR peaks for H3 protons of (a) o-DA08P and (b) L-DG08P between 
1 .4 and 2 . 5  ppm 
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Ta ble 5 .2 . 
1 H  N M R  c h e mical  sh i fts a n d  coupl ing  co nsta nts for H3 protons of o-DA08P a n d  L-DG08P 

a-pyranose �-pyranose a- furanose �-furanose 
6 (J Hz)  6 (J 1-lz)  6 (J 1-lz) 6 (J Hz) 

HO OPO/- HO OP032- �a,- �H 

H�oJ;_ca, HOoJ;_aH 
OH CO -
H H 2 

HO H H 

IJ-DA08P OH co2- OPal- OP032-

H3ax 1 . 65( 1 2 . 7, 1 2 .-l) H3ax I -l3( 1 2.3,  1 2. 3)  
HJeq: 2 . 0( 1 2. 7 ,  5 .0)  HJeq: 2A2( 1 2.3,  4.-l8) 

&;a,� �ro,>-

HO
�

,'-

HO
�

�� 

Ho 
o coz- HO 

0 OH OH OH 
� C:z- �

OH 

L-DG08P OH coz- coz-

H3ax : 1 . 8 1 ( 1 2.3,  1 0. 5) H3ax: l . 6 J ( J 23.  1 2 3) HJax : 2A2( l -l. 3 ,  7.4) H3ax : 2. 1 -l( 1 3. 5, 7.0) 

H.Jeq: I .  79( 1 2.3,  4.  7) HJeq: 2. 1 8a H;eq : 1 . 9( 1 4.3.  3 . 4) H;eq: 2. 23( 1 3 . 5, 6.8) 

-
ax and eq refer to the axia l and equatoria l o rientation in the pyranose and furanose anomers. ' Due to being the peak e ither hidden or overlapped, the coupli ng constant for this peak was not calculated . However, the geminal coupl ing from this peak was clearly 
shown. 
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Chapter Five 

5.5. Summary 

PROBING THE ROLE OF HYDROXYL GROUPS IN KD08P SYNTHASE 

To i nvestigate the roles  of C2, C3, and C4 hydroxyl groups i n  the enzymat ic  

reaction, the i somers of  D-ASP, the natural substrate of  KD08P synthase, D-RSP, D

XSP, L-XSP, and  D-LS P were tested with N.  meningitidis KD08P synthase. I t  was  

demonstrated that L-XS P is  an alternat ive substrate for N. meningitidis KD08P 

synthase, but D-RSP, D-XS P, and D-LSP  are not substrates for th i s  enzyme. These 

observations suggest that correct C2 and C3 hydroxyl group configurations a re 

c ri tical for enzyme reaction but that the C4 hydroxyl group configuration i s  not 

important. The roles of the C2 and C3 hydroxyl groups in  the KD08P synthase 

reaction mechanism, and the roles of these hydroxyl groups in  KD08P and DAH7P 

synthase reactions are di scussed i n  chapter s ix .  

D-DA08P was prepared from D-RSP with PEP and E. coli DAH7P(Phe) synthase as 

D -RSP is not a substrate of N. meningitidis KD08P synthase . L-DG08P was 

generated from the prepared L-XSP with PEP catalysed by N. meningitidis KD08P 

synthase. Both e ight-carbon sugars were i solated and characterised by N M R  

spectroscopy and mass spectrometry. A s  predicted,  the 1H N M R  spectrum of D

DA08P was  s imilar to  that of DAH7P, and  the spectrum for L-DG08P was s im i lar 

to that of KD08P. 
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C hapter Six 

C hapter Six 

MECHANISTIC INSIGHT INTO DAH7P SYNTHASE AND KDOSP SYNTHASE 

MEC HAN ISTIC I N S I G H T  I NTO 3-D EOXY o-ARAB/NO
H E PTU LOSONATE 7-PHOSPHATE SYNTHASE A N D  3-DEOXY o
MANNO-OCTU LOSONATE 8-PHOSPHATE SYNTHASE 

This chapter discusses the specific ity of DAH7P synthase and KD08P synthase to sugar 

substrates w i th configurati onal changes, and proposes prev iously unrecogn i sed 

mechani stic differences between these two enzymes. 

6 .1. Introduction 

DAH7P synthase and KD08P synthase are two functional ly unre lated enzymes that 

share many mechanistic and structural features. Both enzymes catalyse the condensation 

of PEP wi th a phosphorylated aldose by a si mi lar ordered-sequential mechan ism i n  

which PEP bi nds first and the seven- o r  eight-carbon sugar phosphate i s  released last 

(Figure 1 .4).5
3
-55· 10 1 Both reactions also involve the c leavage of the C-0 bond of PEP 

and are h ighly stereospecific  with the si face of PEP coupl i ng  with the re face of the i r  

respecti ve sugar aldehydes.49·50· 10
3
- 106 Addit ionally, X-ray crystal structures of DAH7P 

synthases have been found  to be remarkably s i m i l a r  to those of K D0 8 P  

synthases.
29·57·73·74• 1 2 t . 124· 1 26 Based on these s imi larit ies,  the phylogenetic re lat ionsh ip  

between DAH7P synthase and KD08P synthase has recently received attention.6
2·67·68• 1 69 

Two types of DA H7P synthase have been identified based on molecular mass and 

sequence.66 The type I enzymes are a broad fami ly  of 3-deoxyald-2-ulosonate phosphate 
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synthases that i ncl udes the KD08P synthases.7
4 

Th i s  group i s  a lso d iv ided i nto two 

subfamil ies, Ix and I x .62 Currently ,  only DAH7P synthases are known in subfami ly l x ,  

w hereas subfami ly I x  contai ns both DAH7P synthases ( l x0) and KD08P synthases 

Although the s imi lari t ies are clear between DAH7P and KD08P synthases, d ifferences 

between the two enzymes are al so apparent. The differences between DAH7P synthase 

and KD08 P synthase are in metal req u i rement,  and in the sugar substrate C2 

configuration (Figure 6. 1 ) . Al l  known DAH7P synthases are metal loenzymes, whereas 

subfami ly I xK contains both meta l loenzymes and non-metal loenzymes as exempl ified 

by the A. aeolicus metal -dependent and E. coli metal- i ndependent KD08P synthases, 

respectively . 8 1 "83 

OH Hq OP032-

HO�CO,

KD08P OH 

KDOBP synthase 

7 ""'\  
P; D·A5P 

OH 0 
2-03PO�H 

OH OH 

PEP 

OP032-

DAH7P synthase � \ �0 
7 """\ ' H�O�fD 

D-E4P 
OH 0 

2-o3PoJJ 
- H 
OH 

P; OH 
DAH7P 

Figure 6 . 1 .  Enzymatic reaction of DAH7P synthase and KD08P synthase. Note stereochemical 
d ifference at C2 

Previous studies to those presented i n  th is  thesis had suggested that DAH7P synthases 

were somewhat ambivalent to sugar substrate C2 configuration by accepting not only 

the natural substrate o-E4P but a l so a variety of five carbon phosphorylated sugars 
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i nc luding those with inverted stereochemi stry at C2, such as o-A5P.74•90· 130 On the other 

hand ,  K D08P synthases appeared to be more sens i ti ve to hav ing  the correct 

stereochemistry at this position, as the enzyme takes the natural substrate D-A5P but not 

D-RSP (E4P-I i ke,  the C2-epimer of D-ASP) ( Figure 6. 1 ).83-85• 1 25 

6.2.  Substrate Specificity of DAH7P Synthase 

Substrate confi guration changes in the DA H7P synthase-enzymatic react ion were 

in vestigated as part of these studies .  D- and L-T4P (C2 and C3 epi mers of D-E4P, 

respectively) were synthesised and tested with E. coli DAH7P(Phe)  synthase and P.  

furiosus DAH7P synthase. As described in chapter four, both DA H7P synthases were 

able to accept D- and L-T4P as alternative substrates to D-E4P (Table I ). For the type Ix  

E.  coli DAH7P synthase, a s ignificant i ncrease i n  the  KM val ues were recorded with 

both substrates ,  w hereas D- and L-T4P were uti l i sed w ith a comparable  catalyt ic 

effic iency to the natural substrate D-E4P for P. furiosus DAH7P synthase (type l x0). 

The seven-carbon phosphorylated sugar products of the enzymatic reactions for both D

and L-T4P were i sol ated and characteri sed by both N M R  spectroscopy and mass 

spectrometry . The seven-carbon products from D- and L-T 4P were identified as the 

expected 3-deoxy D-lyxo heptulosonate 7-phosphate (o-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 

Monosaccharides 

D-E4P 

OH 0 
2-o PoJ__)l 3 . H 

OH 
2-deoxyE4Pb 

OH 0 
2-o po� 3 H 

3-deoxyE4rc 

0 
2-o PO� 3 . H 

OH 
o-T4P 

OH 0 
2-o poJ0 3 H 

OH 
L-T4P 

OH 0 
2-o poJJ 3 . H 

OH 
o-A5pd 

OH 0 
2-o3PO�H 

OH OH 
o-R5pd 

OH 0 
2-03PO�H 

OH OH 
2-deoxyR5pd 

OH 0 
2-03PO�H 

OH 

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

KM kcal kcat I KM KM kcat kcat I KM 
(f!M) (s- ' ) (s- ' lf!M) (f!M) (s- ' ) (s- 'lf!M)  

39 ± 4  26 ± 2 670 x 1 0·3 9 ± 1 1 .4 ± 0. 1 1 60 x w-3 

4 1 0  ± 40 25 ± 3 60 x w-3 6 ± 1 3 .0 ± 0. 1 490 x w-3 

2680 ± 140 4.5 ± 0. 1 2 x w-3 200 ± 30 27 ± 5 1 40 x w-3 

390 ± 1 3  2.5 ± 0. 1 6 x w-3 2 1  ± 1 2.4 ± 0. 1 1 1 0 x w-3 

750 ± 1 0  1 .5 ± 0. 1 2 x w-3 47 ± 3 4.0 ± 0. 1 85 x 10·3 

30 0.054 1 . 8 x w-3 2700 ± 200 1 . 1  ± 0. 1 0.40 x 1 0·3 

6000 0.72 0. 1 2  x w-3 1 580 ± 1 1 0 2.5 ± 0. 1 1 .6 x 1 0·3 

6800 0.46 o.o7 x 1 0·3 2500 ± 1 50 1 .7 ± 0. 1 o.69 x 1 0·3 

' Kinetic parameters for o-E4P with P. furiosus DAH7P synthase were determined by Or L. Schofield .74 
b Kinetic parameters for 2-deoxyE4P with P. furiosus DAH7P synthase were determined by Or L. Schofield74 and for 2-

deoxyE4P with E. coli DAH7P(Phe) synthase by Amy Pietersma 130 
' Kinetic parameters for 3-deoxyE4P with P. furiosus DAH7P synthase and E. coli DAH7P(Phe) synthase were 

determined by Amy Pietersma.90 
d Kinetic parameters for the five-carbon sugars with E. coli DAH7P synthase are calculated from reference79 and with P. 

furiosus DAH7P synthase are determined by Or L. Schofield.74 

1 24 



Chapter Six MECHANISTIC INSIGHT INTO DAH7P SYNTHASE AND KD08P SYNTHASE 

These results were di rectly comparable w i th those for D- and L-T4P in terms of the 

importance of C2 and C3 confi guration in the enzymatic reaction. The results w ith o

and L-T4P, and w i th 2- and 3-deoxyE4P suggest that both enzymes can tolerate 

configurational changes to or the removal of e i ther C2 or C3 hydroxyl groups from the 

substrate , and that the enzymes can uti l i se o-E4P analogues as alternat ive substrates .  

These observations suggest that the C2 or C3 hydroxyl groups do not play a criti cal role  

i n  the DAH7P synthase-enzymatic reaction. I t  has  a lso been reported that  E. coli 

DAH7P synthase was able to accept the fi ve-carbon sugars o-A S P, o-R5 P, and 2-

deoxy RSP as substrates ,  showing that DA H7P synthase can al so uti l ise fi ve carbon 

sugars with variations at the C2 position.74·79 

6.3.  Substrata Specificity of KDOBP Synthase 

As part of these studies, the tolerance of KD08P synthase with respect to configuration 

changes at the C2, C3, or C4 positions was al so investigated. o-LSP and L-X5 P  were 

synthesised, and these compounds, together with commercial o-R5P (C3 , C4, and C2 

stereoi somers of o-AS P, respectively),  were examined as substrates for the metal 

i ndependent KD08P synthase from N. meningitidis. 

As presented in  chapter five, the results showed that wh i le  o-R5P and o-L5P were not 

substrates, L-XS P was a substrate for N. meningitidis KD08P synthase (Table 6.2). 

These observations were consistent wi th the results from Howe et al.85 that o-R5 P was 

not a substrate of E. coli KD08P synthase. The se results indicate that the correct 

configuration at both positions C2 and C3 is essential for catalysis by KD08P synthase, 

but that the alternati ve configuration at C4 can be accommodated by this enzyme. 
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Table 6.2. 
t nettc parame ers o tve-car on sugars wtt ff b . h N . . . d. KD08P . menmgltt IS h synt ase 

Five-carbon N. meningitidis KD08P synthase E. coli KD08P synthase85 

sugar 
KM kcat kcat I KM KM kcat kcat I KM phosphates 

(�-tM) (s- 1 ) (s- 11�-tM) (�-tM) (s- 1 ) ( s- 11�-tM) 

o-A5P 
OH 0 1 2  ± l 2.7 ± 0.6 225 x 1 0·3 1 9  ± 4  6.8 ± 0.5 358 x 1 0·3 

2-o3PO�H 
OH OH 

o-R5P 
OH 0 NS " 829 ± 54 

0.0 1 88 
227 X 1 0·7 

2-o3PO�H ± 0.0036 

OH OH 
2-deoxyRSPb 

OH 0 230 ± 20 0. 1 3 ± 0.0 1 0.6 X 1 0·3 50 ± 8 0. 1 2  ± 0.05 2.4 x l 0 3  
2-03PO�H 

OH 
o-L5P 

OH 0 NS a 
2-03PO�H 

OH OH 
L-X5P 

OH 0 57 ± 2 l . l  ± 0. 1 1 9  X 1 0·3 
2-03PO�H 

OH OH 
• Not a substrate. 
b The kinetic data were measured by Amy Pietersma. 170 

In earl ier  experi ments reported by others, the i nteractions of deoxy analogues (2-

deoxyR5 P, 3 -deoxyAS P, and 4-deoxyASP, Fi gure 6.2) w ith E. coli KD08P synthase 

were studied.9
4
' 1 1 1 4-DeoxyASP was found to be a substrate (but a poor one), wh i l e  2-

deoxyR5P and 3 -deoxyASP were ne i ther  substrates nor inh i bitors for the enzyme.  

However, a more recent study suggested that 2-deoxyRSP may indeed be an extremely 
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poor substrate for the enzyme with two orders of magnitude lower catalytic effi c ient 

than o-ASP (Table 6.2).85· '
28 2-DeoxyRSP was also tested as a substrate for the KD08P 

synthase from N. meningitidis showed results of approximately 20 ti mes higher KM and 

lower kcat than that of o-ASP (Table 6.2) .  These results from both E. coli and N. 

meningitidis KD08P synthases demonstrated that 2-deoxyRSP was a very poor 

substrate. This i s  consi stent with the results presented in thi s  thesi s using o-LS P and L-

XSP where C2 and C3 hydroxyl group configuration is crucial but C4 hydroxyl group i s  

not important i n  the KD08P synthase-enzymatic reaction (Figure 6.2) ,  whereas the 

DAH7P synthase reaction i s  ambivalent to changes at these positions. 

OH 0 
2-o3PO�H 

OH 

2·deoxyR5P 

0 
2-03PO�H 

OH OH 

3-deoxyASP 

Figure 6 .2 .  Deoxy analogues of o-A5P 

6.4. Model l ing Studies of DAH7P Synthase 

OH 0 
2-o3PO�H 

OH 

4-deoxyASP 

Recent model l i ng of o-E4P has been reported based on the b ind ing of G3P to S .  

cerevisiae DAH7P(Tyr) synthase and the proposed coord ination of o -E4P i n  T. 

maritima DAH7P synthase (Fi gure 6 .3) .57'7
3 

Both models have suggested that the 

carbonyl oxygen of o-E4P coordinates to the metal ion and that the C2 and C3 hydroxyl 
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groups of o-E4P interact w ith Pro and Asp res idues, respectively ;  Pro 1 1 3 and Asp342 

in S. cerevisiae DAH7P(Tyr) synthase and Pro 1 32 and Asp309 i n  T. maritima DAH7P 

synthase ( Figure 6 .3) .  The Pro is found in the absol utely conserved LysProArgTh r  

motif of DAH7P synthase a n d  t h e  A s p  i s  a metal -bind ing l i gand a lso absol utely 

conserved in al l  DAH7P synthases .  Moreover, the model l ing studies  suggest that the 

key event in the DAH7P synthase-catalyti c mechan ism i s  coord ination to the metal ion 

by the carbonyl oxygen of o-E4P and that i nteractions of Pro and Asp wi th the C2 and 

C3 hydroxyl groups may help to ori entate o-E4P in order to improve reactiv i ty .  These 

results are a lso supported by the study of substrate specific i ty and structure of P. 

furiosus DA H7P synthase .74 In the P.  furiosus DAH7P synthase structure (Figure 6.3) ,  

t h i s  conserved Pro ( Pro6 1 of the LysP roArgThr motif) adopts two d i fferent 

conformations i n  each of the two subunits of the asymmetric unit .  In one subunit, as 

observed exclus ively for E. coli DAH7P synthase,  this res idue poi nts towards the 

predicted position of the C2 hydroxyl group. In  the second, this residue clearly adopts 

another conformation where the mai n  chai n carbonyl of this res idue points away from 

the predicted bi ndi ng s i te of o-E4P. Th i s  fl ex ib i l ity may expla in  why P. furiosus 

DA H7 P  synthase is more tolerant to configurational changes at C2 than E. coli DAH7P 

synthase .74 Both o-T4P and 2-deoxyE4P were better substrates for th i s  P.  furiosus 

DAH7P synthase relative to natural substrate o-E4P w ith 2-deoxyE4P being even more 

efficiently uti l i sed than o-E4P by th is  enzyme. 

On the other hand, removing  or i nverti ng the C3 hydroxyl group has a far greater 

infl uence on the reaction for both E. coli and P. furiosus DAH7P synthases. Th i s  model 

for the DAH7P synthase reaction suggests that the key role of the enzyme is activation 

of the aldehyde functional i ty to nucleoph i l i c  attack by coord ination to the metal ion. I n  
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the model led structures of the o-E4P-enzyme complex,  the Asp metal -b ind ing l i gand 

(Asp326 in £. coli DAH7P synthase and Asp238 in P. furiosus DAH7P synthase) is 

also hydrogen bonded to the C3 hydroxyl group of o-E4P in both enzymes. Th i s  

i nteraction would be  expected to he lp  both to position Asp  and o-E4P, and to  i nfluence 

i nd i rectly the metal ion reacti v i ty ,  thereby i mprovi ng the e lectroph i l i c i ty of the 

aldehyde carbon . Therefore, the sens i t iv i ty to changes at C3 can be understood with 

regard to th is  proposed mechanism for the DA H7P synthase reaction. 

6.5. Comparison of the Active Sites of DAH7P and KD08P Synthases 

Since the structures of DA H7P synthases and KD08P synthases have been determined , 

a careful compari son of the active site of the two enzymes has revealed many structural 

si mi larit ies in substrate binding (Table L .2)?957·73'7
4
' 1 2 1 . 1 24 The majority of residues (Ala, 

Lys,  and A rg) that i nteract with PEP and wi th the co-substrate are conserved in the 

active s i tes of both DAH7P and KD08P synthase . Al though a l l  know n DAH7P 

synthases require a d ivalent metal for catalys is  and both metal -dependent and metal 

i ndependent KD08P synthases have been characterised, the metal -b ind ing s i te i s  a lso 

s imi lar i n  DA H7 P synthases and metal -dependent KD08P synthases .  I n  the metal 

independent KD08P synthase, the metal -binding s i te i s  fi l led with an Asn s ide chain in 

place of the metal b inding Cys.  However, there are three absol ute ly  conserved 

substi tutions to res idues interacting d i rectly w ith e i ther PEP or the aldose phosphate 

substrate (Figure 6.4) that d istinguish DAH7P synthases from KD08P synthases :  

i )  A rg binds the PEP carboxylate i n  DA H7P synthases, whereas Lys i s  found 

in  KD08P synthases (eg, Arg92 in £. coli DAH7P synthase and Lys55 i n £. 

coli KD08P synthase) ;  
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i i )  a n  A rg i n  the PEP phosphate-b indi ng s i te i n  DAH7P synthases i s  substituted 

by Phe in KD08P synthases (eg, Arg l 65 in E. coli DAH7P synthase and 

Phe l l 7  i n  E. coli KD08P synthase); 

i i i ) i n  the aldose phosphate binding s ite , a Pro to AlaAsn substitution i s  found i n  

the absol ute ly con served LysProArgThr motif of D A H 7 P  synthases,  

creat ing  an equi valent conserved LysAlaAsnArgSer motif in K D08P 

synthases (eg ,  Pro98 in  E. coli DAH7P synthase and Ala6 1 Asn62 i n  E. coli 

KD08P synthase). 

Substi tution of the positively charged Arg in DAH7P synthases by the hydrophobic  Phe 

(change is shown in figure 6.4) in KD08P synthases e l iminates a sal t bridge to the PEP 

phosphate that i s  found in DAH7P synthase and increases the hydrophobicity in the 

v ic in i ty of the PEP phosphate group i n  KD08P synthase. Model l i ng  and structural 

studies suggest that this allows the aldehyde functional i ty of o-ASP in KD08P synthase 

to be positioned differently to how o-E4P is  posit ioned in DAH7P synthase. This  al so 

may a l low PEP to be bound to KD08P synthase in i ts dian ion ic  rather than the 

tri anionic form.57.75. 1
22· 1 26 Therefore, i n  KD08P synthase, the phosphate moiety of PEP 

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

The second key substitution (LysAlaAsnArgSer rather than LysProArgThr) provides an 

additi onal binding contact for o-ASP ensuring correct placement of the a ldehyde moiety 

in KD08P synthase c lose to the PEP phosphate moiety. The key chemical event in these 

condensation reactions i s  attack by C3 of PEP on the aldehyde group of co-substrate o

ASP. I n  all reported metal-dependent KD08P synthase structures, 1
24- 126 the metal (when 
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Figure 6.4 .  Comparison of active s ites and proposed (part ial) reaction mechanisms for (a) A .  
aeolicus KD08P synthase and (b) P. furiosus DAH 7 P  synthase with o-E4P. o-E4P h a s  been 
modelled into this structure based on the observed binding of G3P to S. cerevisiae DAH7P(Tyr) 
synthase73 and the proposed b ind ing of o-E4P to T. maritima DAH7 P  synthase s7 The key 
changes discussed in the text are h ighl ighted in green . Metal and metal l igands are in cyan and 
PEP l igands are shown in blue. Substrates, PEP and o-A5P (or o-E4P) are shown in black 

present) appears to be too far from the aldehyde functional i ty (� 6 A) to be i nvolved i n  

electrophi l ic  activation a s  a Lewis acid catalyst. Moreover, i t  has recently been reported 

that the metal dependency can be removed in metal -dependent KD08P synthases (from 

A .  pyrophilus and A .  aeolicus) by mutation of Cys l l to Asn (Cys l 1 Asn) . 1
26· 1 27 The 

mutant retains about 1 0  % of the wi ld-type maximal act iv i ty in the absence of metal 

ions (Table 6 .3) .  A l so,  a metal -i ndependent KD08P synthase (from E. coli) can be 
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converted partia l ly to a metal-dependent KD08P synthase by mutation of A sn26 to Cys 

(Asn26Cys, Table 6 .3). I n  the absence of metal ions, Asn26Cys mutant has about 6 % 

of wi ld-type activity. 

Table 6 .3 .  
Specific activity of  the wi ld-type and mutant KD08P synthases from E. coli, A. pyrophilus, and 

A aeo/icus. 

wild-type EDTA-treated Asn26Cys EDT A-treated Cys 1 1 Asn EDT A -treated 
as purified wi ld-type as purified Asn26Cys as purified Cys i i Asn 

E. coli" 
1 2.0 ± 0. 1 0. 14 ± 0.0 1 0.73 ± 0.06 

(unit/mg) 

A. pyrophilus• 0.03 ± 0.0 1 0.8 ± 0. 1 
3 . 2  ± 0.3 0.8 ± 0. 1 

(uni t/mg) 8.0 ± 0.7 1 . 2 ± 0. 1 
(added Cd2+) (added Cd2+) 

E. colib 
1 2.28 1 2.72 0.07 0. 1 7  

(unit/mg) 

A. aeolicusb 
(unit/mg) 1 .88 0.08 1 .47 

• The specific activity of KD08P synthases from E. coli and A pyrophilus as determined by Shulami et al. 1 26 
b The specific activity of KD08P synthases from E. coli and A aeolicus as determined by Li et al. 1 27 

1 .65 

However, th is  acti v i ty can be increased to about 30 % of wi ld-type activ i ty by the 

addition of Mn
2
+ or Cd

2
+ (Table 6.4) . 1 26 That metal-dependency can be switched on and 

off by a s ing le  mutat ion i ndicates that the metal ion is not d i rectly i nvolved in the 

KD08P synthase-catalysed reaction, supporting a mechanism where the metal ion plays 

a dispensable role i n  K D08P synthase. 
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Table 6.4.  
Kinetic parameters of the wi ld-type and mutant KD08P synthases from E. coli and 

A pyrophi/us 1 26 

kcat 
(s- I ) 

KMD-A5P 
(!-!M) 

kcat / KM D-A5P 
(s - 1/!-!M-1)  

wild-type 

6. 1 ± 0.6 

20 ± 2 

0.3 

E. coli 

EDT A -treated 
Asn26Cys 

0.36 ± 0.04 

75 ± 1 1  

0.005 

A .  pyrophilus 

EDTA-treated 
wild-type 

Asn26Cys EDTA-treated 

+ Mn2+ + Cd2+ Mn2+ Cd2+ 
Cys i i Asn 

1 .9 ± 0. 1  1 .9 ± 0. 1 9.0 ± 0.8 6.0 ± 0.8 0.42 ± 0.03 

70 ± 9  1 1 0 ± 1 4  67 ± 6  1 8  ± 2 1 40 ± 1 2  

0.03 0.02 0. 1 3  0.33 0.003 

Metal b ind ing has also been studied in the DAH7P synthase from P. furiosus by 

mutati ng Cys3 1 to Asn. 1 70 I n  thi s study, the Cys3 1 Asn mutant of P. furiosus D A H 7 P  

synthase showed n o  detectable enzymic act ivity w ith o r  wi thout EDTA, o r  added M n
2
+. 

These observations are i n  contrast to the equivalent mutations in the metal -dependent 

KD08P synthases, showing  that the metal ion is cri ti cal for the catalytic reaction of 

DAH7P synthase. These find ings are entirely consi stent wi th a mechanism for KD08P 

synthase involv ing acti vat ion by protonation (Br�nsted ac id catalys is) .  I n  s uc h  a 

mechani sm, the acti vat ion and posit ioning of the aldehyde moiety i s  more del icately  

choreographed than i n  the proposed DAH7P synthase mechan i sm.  For K D08 P 

synthase, the C2 hydroxyl group plays a critical role  via coordination e i ther to a metal 

ion or to an Asn s ide chain (most l i kely via an i ntermediate water), and therefore the 
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d i hedral angle about the C l -C2 bond of o-ASP i s  control l ed .  Th i s  mechani s m  i s  

entire ly consistent w ith the substrate specific ity presented i n  this thesis by altering the 

configuration of C2 of o-AS P. As shown by the results of N. meningitidis KD08P 

synthase, the configurational change at C2 of o-ASP di srupts the substrate binding and 

orientation, such that the KD08P synthase i s  unable to uti l i se o-RSP and i s  only able to 

uti l i se 2-deoxyRSP (or 2-deoxyAS P) 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 oxocarben i um intermediate (or transition state). 

Then,  a water molecule located on the re face of PEP, observed in  both DAH7P 

synthase and KD08 P synthase structures, attacks the  in termediate g iv ing  acycl i c  

hemi ketal b i  phosphate . 

It should be noted that the X-ray crystal structure of A .  aeolicus KD08P synthase i n  

complex wi th o-RSP has al so been sol ved. 1
25 When o-RSP was bound, a water molecule 

coordinated to a metal ion i s  not present and the C2 hydroxyl group takes i ts place. This  

missing water molecule was proposed at  that t ime to act as  the nucleophi l ic  water in the 

catalyti c mechan ism, and its absence was used to expla in the lack of reacti vity of o

RS P. However, a d i rect catalytic role for the d ivalent metal ion in water acti vation has 

been largely d iscounted as metal- i ndependent KD08P synthases can be created by a 

s ingle Cys to Asn mutation. 1
26' 1

27 What i s  cl ear from these structures, however, i s  that 

the carbonyl functional ity in o-RSP adopts a s ign ifi cantly different orientation i n  

KD08P synthase compared t o  DA H7P synthase, but ent i re ly cons istent w i th the 

prediction that appropriate interaction w ith the C2 hydroxyl group i s  v i tal for addit ion 

of C3 of PEP to the carbony l of o-ASP. The ab i l i ty of 2-deoxyRSP to act as an 

1 35 



Chapter Six MECHANISTIC INSIGHT INTO DAH?P SYNTHASE AND KD08P SYNTHASE 

alternati ve ,  yet poor, substrate for KD08P synthase i s  cons i stent w i th a greate r  

l i ke l i hood of this analogue access ing the reactive conformation. 

A lthough o-E4P and o-ASP have the same configuration at C3, the results from the 

present study ind icate that the role of the C3 hydroxyl group i s  d ifferent in DAH7P 

synthases and KD08P synthases. Whereas L-T4P (C3 epimer of o-E4P) was a substrate 

for both E. coli and P. furiosus DAH7P synthases, D-LSP (C3 epimer of o-ASP) d id not 

act as a substrate for N. meningitidis KD08P synthase but L-XSP (C4 epimer of o-ASP) 

d id. These results suggest that the correct C3 confi guration i s  not essential i n  the 

DAH7P synthase-catalysed reaction, whereas i t  is crit ical i n  the KD08P synthase

reaction mechanism, and that the correct C4 configuration is not essential for the 

KD08P synthase-enzymatic reaction.  This  study i ndicates that the C3 hydroxyl group 

in o-ASP may al so be d i rectly i nvol ved in the KD08P synthase reaction by control l i ng 

the d ihedral angle about the C 1 -C2 bond of o-ASP to position the aldehyde moiety to 

be attacked by C3 of PEP. The structure with o-ASP bound to the A .  aeolicus metal

dependent K D08P synthase shows that the C3 hydroxyl group hydrogen bonds to the 

Asn res idue . 1
26 This residue is part of the LysAlaAsnArgSer conserved motif that is 

essenti al for placement of the aldehyde functional i ty of o-ASP i n  the mechanism for 

KD08P synthase proposed in  th is  thes is .  Therefore, the C3 hydroxyl group i s  a lso 

int imately i nvolved i n  the correct posit ioning of the aldehyde group of o-ASP and any 

changes at th i s  posi tion would be expected to greatly i nfl uence the reaction.  On the 

other hand, the changes at the C4 hydroxyl group have a re lat ively minor i nfl uence on 

the enzymic reaction as there is no d i rect i nteraction wi th this hydroxyl group and the 

residues that determine placement of the carbonyl carbon. '
23

• 1
26 
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Likewi se, this analysis would also appear to account for the recently reported d i sparity 

i n  behaviour w ith (E)-3-fl uoroPEP and (Z)-3-fl uoroPEP between KD08P synthases 

(from A. pyrophilus and E. coli) and DAH7P synthase. 1 7 1 That study has found that the 

overal l stereochemistry for both metal-dependent (from A.  pyrophilus) and metal -

i ndependent (from E. coli) KD08P synthase are i denti cal and that both KD08P 

synthases prefer (E)-3-fluoroPEP to (Z)-3-fl uoroPEP (the relative kca/KM ratio bei ng l OO 

and 33 ,  respect i vely, Table 6 .5) .  H owever, there i s  l i tt le d ifference between the 

reactiv i ty of (E)-3 -fluoroPEP and (Z)-3-fl uoroPEP w ith DAH7P synthase (the kc.JKM 

being � 7 x 1 0-3 s- 1 /f.!M, Table 6.5) .  The results from this study also suggest that the 

metal is not important in the KD08P synthase-catalytic reaction and that there is a 

mechanistic difference between KD08P synthase and DAH7P synthase. 

Table 6 .5 .  
Steady-state kinetic parameters for A. pyrophilus KD08P synthases, E. coli KD08P synthases, 

d E I" DAH7P h T k f F d . t / 1 7 1  

kcat 
(s- I )  

K D-ASP 
M 

( fA  M) 

k I K D-ASP cat M 

(s- 1 /flM- 1 )  

an . CO / 
A .  pyrophilus 

KD08P synthase 

PEP 
(E)-3- (Z)-3-

fl uoroPEP fl uoroPEP 

9 ± 0.2 I ±  0. 1 1 . 1  ± 0.02 

26 ± 1 . 3 4.7 ± 0.3 500 ± 60 

0.3 0.2 0.002 

synt ase. a en ram ur u1 e a .  
E. coli E. coli 

KD08P synthase DAH7P synthase 

PEP 
(E)-3- (Z)-3-

PEP 
(£)-3- (Z)-3-

fl uoroPEP fl uoroPEP fl uoroPEP fl uoroPEP 

4.5 ± 0.2 0.5 ± 0.05 0.3 ± 0.04 32 - -

5 ± 0.05 1 .9 ± 0.3 32 ± 9 9 - -

0.9 0.3 0.009 p.55 0.0069 0.007 
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Figure 6 .5 .  P roposed mechanism for DAH7P synthase by Lewis acid catalysis and for KD08P 
synthase by protic acid catalysis 

As explained earl ier in this section, the metal plays a structural role and the reaction i s  

activated by  a protonation of the carbonyl of o-ASP (protic acid  catalys i s) i n  the new 

proposed model for the KD08P synthase mechanism (Figure 6.5) .  When the d i valent 

metal i s  absent i n  KD08P synthase, the metal-b inding l i gand Cys i s  replaced by Asn 

and this res idue plays the same structural role  as Cys. Thus,  there i s  no mechanistic 

d i fference between metal -dependent and metal - independent KD08P 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 posit ion of i ts 

natural substrate, and ( i i )  the requi rement of a d i valent metal ion for the DAH7P 

synthase-catalytic reaction.  In th i s  mechanism, the reaction i s  activated by coord ination 

of metal-carbonyl of D-E4P (Lewi s  acid cata lys is) and therefore, the metal ion has a 

critical role i n  th is  react ion of DAH7P synthase. Thus,  contrary to w hat has been 

proposed in  earl ier  stud ies ,  there is no real mechanist ic d ifference between metal

dependent and metal - i ndependent K D08P synthase, but there is a mechan i st ic  

difference between DAH7P synthase and KD08P synthase. 

6.6. Summary 

Identification of key mechanistic s imi larities, the di scovery of metal -dependent KD08 P 

synthases, and phylogenetic analys is  have led to the assumption that a common 

mechanism appl ies to these two related enzyme-catalysed reactions. Although many 

s imi lar i t ies  between DA H7P synthase and KD08P synthase have been shown 

mechanistical ly and structural ly, the results from this study together with those of other 

studies suggest that there is a fundamental mechani stic difference between the two 

enzymes: DAH7P synthases use metal for the activation of thei r  aldose phosphate 

structure ( Lewis  acid catalysis) whereas KD08P synthases use protonation (8r!£}nsted 

acid catalys is)  for activation. Th is  d ifference i n  catalytic mechanism g i ves r ise to 

enti rely different substrate specific i ty profi les for the two enzymes as revealed by the 

studies presented in  this thesis .  The present study, together  with a re i nterpretation of 

existing substrate specific i ty and structural data suggests that the evol utionary processes 

that led to altered substrate specific i ty also gave r ise to d ifferent mechani sms of 
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catalysis .  Consequently, the divalent metal ion on which some KD08P synthases rely 

for catalytic activ i ty plays an altered and d i spensable role in the enzyme-catalysed 

reaction. I ts presence, however, i n  some enzymes, al beit as an evolutionary carry-over 

provides further evidence for a common DAH7P synthase-l ike ancestor for th is  enzyme 

family .  

6.7. Future Studies 

The studies i n  th is  thesi s have suggested that there are fundamental mechan i st ic 

d ifferences i n  the way that KD08P synthase and DAH7P synthase process the ir  

aldehydic  substrates .  Based on this fi ndi ng, we  have proposed that the mechani sti c 

differences between the two enzymes are associated w ith conserved changes to two 

amino acid  motifs in each enzyme class. However, in order to test this proposal and to 

understand more ful ly  the evolutionary relationsh ip  between these two enzymes, further 

i nvestigations are requ i red.  The obvious experi ments are to make mutants of the P. 

furiosus DAH7P synthase to convert this metal -dependent enzyme to a metal-dependent 

KD08P synthase, as thi s type lx0 DAH7P synthase appears to be the closest to the type 

l xK KD08P synthase subfami ly .  To introduce the conserved metal -dependent K D08P 

synthase motifs to the P.  furiosus DAH7P synthase, the fol lowing min imum changes 

are required: 

i) Mutation of the conserved Arg in  the PEP phosphate-binding site of DAH7P 

synthases to Phe, which i s  conserved in  all KD08P synthases;  

i i )  M utation of  t he  conserved Pro of LysP roA rgSer motif i n  t he  aldose 

phosphate-b i nd ing  s i te of DAH7P synthases to A laA sn of conserved 

LysAlaAsnArgSer motif of KD08P synthases. 
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It is h ighly l i kely that there are other secondary sequence differences i n  addition to the 

changes noted above that have occurred w ith the evolution of KD08P synthase activ ity 

from an ancestral DAH7P synthase . Therefore, careful structural and sequence analys is  

of both mutant and native prote ins  wi l l  a l so be needed to he lp  to unravel the evolution 

of KD08P synthases. A combination of these studies and an i nvestigation in to the 

abi l i ty of the acti ve s i te of these enzymes to accept modified substrates, such as the 

studies presented i n  this thes is ,  wi l l  help unravel the evol utionary relationship between 

these two enzymes. 
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Chapter Seven 

EXPERIME NTAL 

7.1 . General Proced ure 

Solvents 

EXPERIMENTAL 

All  organic solvents were freshly dist i l led before use . Dichloromethane was disti l led 

from calc i um hydride. Diethyl ether was dried w i th sod ium hydroxi de.  THF was 

d i sti l led from sod ium w i re .  Analytical grade acetone,  methanol , and ethanol were used 

as suppl ied from commerc ial sources. 

Reagents 

A l l  chemical  reagents used for expe ri ments were purchased from commerc ia l ly  

avai l able sources and used as  supplied. 

S i lver oxide (Ag02) was freshly prepared fol lowing the publ ished procedure (Organic 

synthesis coll ective. VS.  386-392) 172 before use. 

Dess-Martin periodinane prepared according to the l i terature 142 by Dr Matthi as Rost or 

Scott Walker. Dess-Martin periodi nane was dried in a desiccator over n ight prior to use. 
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Chromatography 

EXPERIMENTAL 

Analytical th in layer chromatography (tic)  was performed on Merck S i l i ca Gel 60 F254 

al uminum-backed sheets. Spots on plates were v i sua l i sed under U V  (254 nm) fol lowed 

by stain i ng w ith aqueous potass ium permanganate . 

Flash column chromatography was carried out on Scharlau s i l i ca  gel 60, 230 - 400 

mesh. Chromatographic solvents, ethyl acetate and hexane, were d i st i l led prior to use. 

Reactions and Work-up 

Al l  reactions were performed under an i nert atmosphere of dry n itrogen (N2) ,  argon 

(Ar), or hydrogen (H2) unless otherw i se stated . Crude organic extracts were dried w i th 

anhydrous magnesi um sulfate. Evaporations were carried out on a rotary evaporator 

w ith a bath temperature, l ess than 40 OC unless otherwi se stated. 

NMR spectroscopy 

1 H N M R  spectra were obtained on a B ruker Avancea 400 M Hz or Bruker Avancea 500 

M Hz instrument uti l i s ing a QNP probe and QXI probe , respectively, or Bruker Avancea 

700 MHz instrument uti l i s ing a Q N P  and QXI probes. Al l  spectra were recorded i n  

deuterated sol vents a s  indicated. When the sample was di ssol ved in  020 the spectra 

were referenced to HOD at 4.7 ppm. 

13C N M R  spectra were obtained on e i ther a Bruker  Avancea 400 M Hz operat ing at 

1 00.6 1 3  MHz or a Bruker Avancea 500 MHz instrument opening at 1 25 .758 MHz. 

3 1 P spectra were recorded on a Bruker Avancea 400 M Hz operat ing at 1 6 1 .975 M Hz. 

A l l  s ignal ass ignments were consi stent w ith the appropriate 20 N M R  experiments 

( ' HJ ' H COSY and ' H/ 1
3
C HMQC). 
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Mass Spectrometry 

EXPERIMENTAL 

High-resonance mass spectrometry was  carr ied out by either the Department of 

Chemi stry at the Un iversity of Auckl and on a VG-70SE H i g h- resonance mass 

spectrometry or the Department of Chemistry at the Un ivers i ty of Canterbury on a 

Micromass LCT. 

Low-resol ut ion e lectrospray ioni sati on mass spectrometry was carri ed  out on a 

Micromass spectrometer, uti l i s ing a Waters 2790 Separation unit  for l oad ing. 

UV-Visible Spectrophotometer 

U V -V i s  spectrophotometry was performed on a V ar ian Cary" 1 U V -V i s  

spectrophotometer at 25 °C, 3 0  °C,  or 60 O C  a s  i nd icated , contro l l ed by a Cary 

temperature control ler using I cm path length quartz cell s. 

7.2. General Biochemical Method 

Buffers 

Chemicals used for buffer preparation were purchased from commercial ly avai lable 

sources. 

BTP buffers were prepared by adjusting the pH wi th concentrated HCI . The fol lowing 

buffers were used i n  standard assays for the fol lowing enzymes: 

E. coli DAH7P(Phe) synthase - 50 mM BTP, 1 0  !lM EDTA, pH 6.8 at 25 OC 

P. furiosus DAH7P synthase - 50 mM BTP, 10 !lM EDTA, pH 7.24 at 60 OC 

N. meningitidis KD08P synthase - 50 mM BTP, pH 7.0 at 30 OC 
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Enzymes 

EXPERIMENTAL 

Transaldolase, triose phosphate i somerase, and G3P  dehydrogenase were purchased 

from S igma Chemical Company. 

Purified E. coli OA H7P(Phe) synthase and P. furiosus DAH7P synthase were kindly 

suppl i ed by Or Linley Schofie ld .  The P. furiosus DAH7P synthase was purified and 

characterised by Or Linley Schofie ld .
39 The N. meningitidis KD08P synthase was 

cloned by Or Mark L. Patchett, and expressed , purified, and characterised by Or Fiona 

Cochrane. These enzymes were kept in al iquots by flash freezing in l iqu id  n i trogen and 

stored at -80 oc. 

Determination of protein concentration 

Protein concentrations were determined by B radford ' s assay. 173 Us ing 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 sol utions ( l OO !J. L) and by adding the Bradford reagent ( 1  

mL) to d i l uted unknown samples. The standard sol utions and unknown samples were 

allowed to stand for I 0 minutes, and the absorbance reading was then taken of all  the 

standards and samples at 595 nm. The read ing was corrected against a blank solution 

made by mi l l iQ  water ( l OO !J. L) .  The concentrations of the unknown samples were 

determi ned from a standard plot. 

Enzyme assays - general conditions 

All enzyme assays were performed in 1 m L, I cm path l ength, quartz c uvettes .  A l l  

buffer sol utions and reagents were treated wi th  Chelex l OO resin (B io- Rad) to  remove 

metal ions.  Solutions were fi l tered w ith through a 0.45 !J.m membrane to remove the 
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Chelex res in  and any part iculate matter prior to use. The assays were carried out at 25 

OC for E. coli DAH7P(Phe) synthase and at 60 oC for P. furiosus DAH7P synthase. The 

assays w ith N. meningitidis KD08P synthase were carried out using simi lar conditions 

except the treatment w ith Chelex was omitted and the temperature at which the assays 

were performed was 30 OC. One unit of act ivity is defi ned as the loss of 1 �-tmol of PEP 

per min at the stated temperature. 

Standard enzyme assay for E. coli DAH7P(Phe) synthase, P. furiosus D AH7P 
synthase, and N. meningitidis KD08P synthase 

PEP was prepared by d issolving a weighed amount i n  a measured vol ume of mi l l iQ 

water. The pH  of  o-E4P, prepared by  lead tetraacetate by  ox idation c leavage, was 

adjusted to around pH 7.0 and the o-E4P sol ution was kept in the room temperature for 

2 hours i n  order to ensure that o-E4P was i n  i ts monomeric form. An  accurate 

concentration val ue was determi ned by measuri ng the loss PEP when o -E4P was 

l imiting, these assays were carried out i n  dupl icate . 

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

E. coli DAH7P(Phe) synthase 0. 1 5  u 

PEP 

D-E4P 

Enzyme assays were monitored at 232 nm (<:xn2 = 2 .8  a 1 03 M- 1cm- 1 ) .  The standard assay 

reaction mixture except enzyme was incubated at 25 oC for 5 m inutes and i n i ti ated by 

adding enzyme. 
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Standard assay condit ions for P. furiosus DAH7P synthase: 

P. furiosus DAH7P synthase 

PEP 

o-E4P 

MnS04 

0.0 1 8  u 

1 60 11M 

250 11M 

1 00 11M 

EXPERIMENTAL 

Enzyme assays were mon itored at 232 nm (On2 = 2.6 a 1 0
3 

M· 1 cm· 1 ) and in itiated by the 

addit ion of phosphoryl ated sugar. The standard assay mi xture ,  e xcept for the 

phosphorylated sugar, was i ncubated at 60 OC for 6 minutes before the assay was 

in i tiated. 

Standard assay conditions for N. meningitidis KD08P synthase: 

N. meningitidis KD08P synthase 

PEP 

o-A5P 

0.0 1 6  u 

1 60 11M 

200 11M 

Enzyme assays were monitored at 232 nm (a232 = 2 .8  a 1 0
3 

M· 1cm- 1 ) and in it iated by 

adding enzyme. The standard assay mi xture except enzyme was incubated at 30 OC for 6 

minutes before the assay . 

Thiobarbituric acid assay79' 139 

Thiobarbituric ac id assay reagents: 

25 mM sod ium periodate (Na104) in 0. 1 25 N H2S04 

Sod ium metaarseni te (NaAs02) 2 wt %/vol i n  0 .5 N HCI 

Thiobarbituric acid sol ution (0.36 wt %/vol , pH  9 adjusted w ith NaOH)  
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The enzyme mixture ( 1 00 !-! L) was mixed w i th water (50 !-!L) and Nal04 ( l OO !-! L  i n  

0. 1 25 N  H2S04) and the mixture was heated at 60 oC for l hour. The excess ox id is ing 

agent was reduced by the addit ion of NaAs02 (200 !-!L). Fol lowing the d i sappearance of 

the yel low colour, thiobarbituric periodate solution ( 1  mL) was added and the reaction 

m ixture was then heated at  l OO OC for 1 0  minutes. Whi le the sample was cool ing down 

the absorbance of sample was measured at 549 nm (�9 = 1 .03 a 1 05 M- 1 cm- 1 ) .  

7 .3. Experimental for Chapter Two 

Titration of lead tetraacetate 

A standard sol ution of sod ium thiosulfate (0.02 M) was prepared for the titration. Lead 

tetraacetate (0.4 g) was di ssol ved in glac ial acet ic acid (20 mL). A potassi um iodide 

solution (250 mL) was a lso prepared wi th potass ium iod ide  (25 g) and sodi um acetate 

( 1 25 g) .  Lead tetraacetate solut ion ( I  mL) was p laced in a 500 mL beaker and 

potass ium iod ide reagent ( 1 5 m L) was added . The iod ine l i berated by the lead 

tetraacetate was t itrated w ith sod i um thiosulfate (0 .02 M) and the endpoint was  

measured. This ti tration was  performed in tripl icate . 

Preparation of D-E4P131 

OH 0 
2-o PO t 11 3 �H 

OH 
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D-Gi u6P (0.34 g, 1 mmol) was moistened w ith water (2 mL) and glacial acetic acid (5 

mL) was added to the reaction m ixture .  Sulfuric acid (3 M ,  0. 1 7  mL) and glacial acetic 

acid  (245 m L) were then added to the reaction mixture. A mixture contain i ng sulfuric 

aci d  (3 M, 0.6 mL), glacial acetic acid  (40 mL), and lead tetraacetate ( 1 .7 mmol) was 

prepared before use, and added dropwi se to the D-Giu6P sol ution over 30 minutes wi th 

vigorous sti rri ng. The reaction m ixture was then fi l tered through a Cel i te pad. The 

Cel i te was washed three t imes w i th water ( l OO mL) and the fi l trate was concentrated 

unti l the volume of the sol ution reached approximately 20 mL. The concentrate was 

then extracted conti nuously w ith ether for 1 5  hours and the vol ume of the aqueous 

sol ution w as reduced in vacuo to g ive fi nal vol ume of 25 m L. This sol ution was stored 

in the refrigerator or frozen at -20 ·c without further purification. 

Preparation of D-T4P 

OH 0 
2-o PO- J__ Jl 3 

........, I "H 
OH 

Glac ial acetic (2.5 mL) was added to o-Gai6P (0.5 mmol ) moi stened w i th 1 mL of 

water. Sulfuric acid (3 M, 0.085 m L) was added fol lowed by glacial acetic acid ( 1 22.5 

mL) w ith sti rring. A prepared sol ution contai n ing sulfuric acid (3 M ,  0.3 mL), glacial 

aceti c  aci d  (20 mL),  and lead tetraacetate (0.85 mmol) was added dropwise to the 

rapid ly sti rri ng D-Gai6P sol ution for 30 minutes .  The reaction mixture was fi ltered 

through a Cel i te pad and the Cel i te was washed w ith water (3 a l OO mL). The fi l trate 

was concentrated unti l the vol ume of the solution reached approxi mately 20 mL. The 

concentrate was then extracted w ith ether for 1 5  hours. The ether d i ssolved in  the 
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aqueous l ayer was evaporated to g ive fi nal vol ume of 2 1  mL. Th is  sol ution was stored 

i n  the refrigerator or frozen at -20 ·c without further purification. 

Synthesis of 1 ,2 :3,4-bis-0-(1-methylethylidene)-D-galactopyranose 14 1 

Ho""yo,(oX o� ··o -To 

BTE (0.5 ml,  3 .95 mmol) was added to o-a-galactose (20 g, 0. 1 1  mol ) d i ssolved in  

acetone (AR,  400 mL) under Ar  and the reaction mixture was refl uxed for 1 4  hours .  The 

mixture was then cooled down to - 1 0 ·c and NaHC03 (0.5 %, 1 0  m L) was added. The 

solvent was removed in vacuo to g ive an oily residue. The residue was di l uted with H20 

(50 mL) and the aqueous l ayer was extracted four t imes with C H2CI2 (50 mL). The 

concentrated res idue was purified by passage through a s i l i ca block (3 :2 ,  hexane: 

EtOAc) to give 1 ,2 :3 ,4-bis-0-( l -methylethyledene)-o-galactopyranose ( 1 2  g, 41 %) of a 

colorless syrup. 

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

1 H NMR (400 M Hz, CDCI3) :  a 5 .43 (d,  1 = 5.0 Hz, 1 H), 4.49 (dd, 1 = 5 .6, 2.4 Hz, I H), 

4.26 (dd, 1 = 7.4, 2.4 Hz, l H), 4. 1 5  (dd, 1 = 5 .6, 1 .8 Hz, 1 H), 3 .59 - 3 .70 (m, 2H), 3 .74 

(m, l H), 2 .8  (br, s, I H) ,  1 . 37 (s ,  3 H),  1 .32 (s, 3 H), 1 .29 (s, 6H) ppm. 1
3
C N M R  ( 1 00.6 1 3  

MHz,  CDCI3) :  a 24.7, 25 .3 ,  26.2, 26.3 ,  62.2, 68.7, 70.9, 7 1 .0, 7 1 .7 ,  96.6, 1 09.0, 1 09.7 

pp m. 
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Synthesis of 1,2:3,4-bis-0-(1-methylethyledene)-6-(diphenyl phosphate)-a-D
galactopyranose 

0 " :;y o Ph0-�-0 ··' X OPh O .,0 -\-o 
Imidazole ( 1 2.53 g, 0. 1 8  mol ) and di phenylchlorophosphate ( 1 3 .3 mL, 64.4 mmol) were 

added to I ,2: 3 ,4-bi s -0-( l - m ethy le thy ledene) -o-galactopyranose ( 1 2  g, 46 mmol) 

d i ssol ved in dry CH2CI2 ( 1 30 mL) at 0 OC. The reaction mi xture was sti rred under N2 for 

I day.  The reaction was stopped by the addition of H20 (200 mL), l O % HCI ( 1 00 mL), 

and CH2Cl2 (200 m L) to the reaction mi xture. The aqueous layer was extracted three 

times w ith C H2CI2 (200 m L) .  The combi ned extracts were washed w i th saturated 

aqueous NaHC03 ( l OO mL), H20 ( I  00 mL), and saturated aqueous NaCI ( l OO mL), and 

concentrated. Purification by flash chromatography (2:  I ,  hexane: EtOAc) gave I ,2: 3 ,4-

b is-0-( 1 -methyl ethy ledene)-6-(diphenyl phosphate)-a-o-galactopyranose ( 1 9.4 g, 85 

%) as a colourless syrup. 

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

m/z (+ve FAB)  (M+Ht C24H3009P, cal . 493 . 1 6275 ,  found. 493. 1 6278. 

1 H N M R  (400 MHz, CDCI3): a 7.22 (m, l OH) 5.5 (d, J = 4.9 Hz, ! H), 4.56 (dd, J = 5.6, 

2.4 Hz, 1 H),  4.32 - 4.42 (m, 2H), 4.36 (dd, J = 7.4, 2.4 Hz, l H), 4. 1 9  (dd, J = 6.3 ,  1 .6 

Hz, l H) ,  4.08 (t, J = 6.3 Hz, l H), 1 .44 (s, 3 H),  1 .40 (s, 3H) , 1 .28 (s ,  6H) ppm. 1 3C N M R  

( 1 00.6 1 3  M Hz, CDCI3) :  a 24.8 ,  25 .4, 26.3 ,  26.4, 67 . 1 ,  67 .9, 70.8,  70.9, 7 1 .0,  96.6, 

1 09.3 ,  1 1 0.0, 1 20.5, 1 25 .7 ,  1 28.0, 1 28.6, 1 30. 1 ,  1 50.9 ppm. 
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Synthesis of 1 ,2:3,4-bis-0-( 1-methylethyledene ) -6-( dihydrogenphosphate )-a-D
galactopyranose 

0 
HO-�-o�o� · ·'oX OH o� · ··o --\-0 

To d i s so l ved  I , 2 : 3 ,4-b i s -0-( 1 -methylethy l edene)-6-(diphenyl phosphate )-a-o-

galactopyranose (3 . 1 g, 6.28 mmol ) in ethanol (99.9 % Abs, 50 mL), Pt02 (0.3 g, 1 . 3 

mmol ) was added. The reaction mi xture was then al lowed to sti r overn ight under 

complete H2 atmosphere at room temperature .  The reaction mi xture was fi l tered and 

solvent was evaporated in vacuo to g ive 1 ,2 : 3 ,4-bis-0-( 1 -methy le thy ledene)-6-

(dihydrogenphosphate)-a-o-galactopyranose (2. 1 g ,  l OO %). 

m/z (-ve ESMS) (M-HY C 1 2H2009P, cat . 339.95, found. 338 .99. 

1 H NMR (400 MHz,  CDCI3) :  a 5 .48 (d, J = 5 Hz,  1 H), 4.58 (dd, J = 5.6,  2 .3  Hz, 1 H) ,  

4.28 (m, I H) ,  4.27 (m, l H),  4.07 (dd, J = 1 4. 1 ,  7 .9 Hz, 2H), 4.02 (t ,  J = 5.2 Hz, l H) ,  

1 .47 ( s ,  3 H), 1 . 39 (s ,  3H), 1 . 28 (s, 6H) ppm. 13C NMR ( 1 00.6 1 3  MHz,  CDCI3): a 24.7, 

25 .3 ,  26.2, 26.3 ,  65.7 ,  67.3 (3C), 70.9, 96.6, 1 09.5 , 1 1 0.0 ppm. 

Synthesis of D-Gal6P 

0 
HO-�-ONOH 

OH . HO ''OH 
OH 

Dissolved 1 ,2 ;3 ,4-0-d i i sopropyl idene-o-6-phospho galactopyranose (2. 1 g ,  6 .2 mmol ) 

in H20 (20 mL) was sti rred at 50 OC for two days. After the deprotection was complete 
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observed by d i sappearance of the aceton ide groups by 1 H N M R  spectroscopy , the 

sol ution was lyoph i l i sed w ithout further purification to give o-Gai6P as a whi te powder 

( 1 .6 g, 1 00 %). 

m/z (-ve ESI) (M-HY C6H ,309P, cal . 259.02 1 9, found. 259.02 1 8 . 

Synthesis of 2,3-0-isopropylidene-diphenylphospho-4-hydroxyl-n-threitol 

0 
PhO, I I 
Pho - P -o-yo>( 

HO,, ... l0 

2,3-0-Isopropyl idene-o-threitol (50 mg, 0.3 mmol ) was di ssol ved in I mL of CH2CI2 

under N2 at 0 oC.  Imidazole ( 1 .24 mmol ) and di phenylchlorophosphate (0.3 m mol) were 

added, and the reaction was stirred for 1 .5 hours under N2. The reaction mi xture was 

quenched by the add ition of H20 (2.5 mL) and 1 0 % HCI (2.5 mL). The aqueous layer 

was then extracted with CH2CI2, and the combined extracts were washed w i th saturated 

aqueous NaHC03, H20, and saturated aqueous NaCI .  Concentration of the w ashed 

organic extracts gave an oil .  Column chromatography ( 1 :  I ,  EtOAc: hexane) gave a 

colourless oil (56.8 mg, 62.3 % ) .  

RF (hexane :EtOAc, I :  I ) = 0.2. 

' H NMR (400 MHz, CDCI3) :  a 7.24 (m, I OH),  4 .33 (m, 2H), 4. 1 (qd, J = 4.5 Hz, l . I  

Hz, I H), 3 .94 (q, J = 4. 1 Hz, l H) ,  3 .72 (dd, J = 1 2.0, 4.2 Hz, I H) ,  3 .59 (dd, J = 1 2, 4.2 

Hz, I H) ,  3 .24 (br, s, I H), 1 . 36 (s, 3H),  1 . 32 ( s ,  3H)  ppm. 13C N M R  ( 1 00.6 I 3  M Hz, 

CDCI3) :  a 27.2, 27 .4, 30.7, 62.2, 68.4 (d,  J = 5 .9 Hz), 76.0 (d, J = 7 .8  Hz), 77.8 ,  I 20.5, 

1 26.0, 1 30.3, 1 50.7 ppm. 
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Synthesis of 2,3-0-isopropylidene-diphenylphospho-4-oxo-D-threitol1 42 

0 PhO, u 
Pho-P-o-yov 

o<::::, . . . l0A,. 

EXPERIMENTAL 

Dess-Mart in period i nane (0.27 mmol)  was added to t he 2,3-0 - i sopropy l i d e n e -

d iphenylphosphono-4-hydroxyl -o-thre itol (20 mg, 68 f.tmol ) d issolved i n  CH2Cl2 ( 1  mL) 

and the reaction was sti rred overni ght at 0 OC. Dess-Martin period i nane was then 

fi l tered and washed w i th CH2Cl2 ( 1 5  mL). The fi lterate was washed w i th saturated 

aqueous Na2S03, H20, and bri ne, and concentrated in vacuo. The res idual oil was 

pur ifi ed  by co lumn ch romatography (2 :  1 ,  hexane : EtOA C) to g i ve  2 ,3 - 0 -

i sopropyl idene-diphenylphospho-4-oxo-o-threitol (4.6 mg, 23 %). 

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

1 H N M R  (400 MHz, CDCI3) :  a 9.72 (s, l H) ,  7 .5 (m, ! OH) ,  4.34 (qd, 1 = 4.5, 1 .7 Hz,  

2H), 4.09 (qd, 1 = 4.5,  1 . 1  Hz, 1 H),  3 .94 (q, 1 = 4. 1 Hz, 1 H), 1 . 37 (s ,  3 H),  1 . 32 (s ,  3 H) 

ppm. 1 3C NMR ( 1 00.6 1 3  M Hz, CDC13) :  a 27. 1 ,  27 . 1 ,  30.7, 68.4, 76. 1 ,  8 1 .0, 1 20 .5 ,  

1 26.0, 1 30.3, 1 50.7, 20 1 . 1  ppm. 

Synthesis of D-threitol 4-phosphate 

Pt02 (0.2 mmol) was added to 2,3-0-isopropyl idene-diphenyl phospho-4-hydroxyl -D-

thre i tol (30 mg, 0. 1 mmol ) d i ssolved i n  EtOH (5 mL).  The reaction mixture was sti rred 
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under H2 for two days. The reaction was then fi l tered, and the solvent was evaporated to 

g ive a colourless oi l .  The oil was then di ssolved in water (2 mL) and heated at 60 OC for 

1 hour. The reaction mixture was concentrated in vacuo to give o-thre itol 4-phosphate 

(5.5 mg, 27 % ). 

1 H N M R  (400 MHz, 020): a 3 .77 (m, 2H), 3 .64 (qd, 1 = 6.4, 3 .6  Hz, I H) ,  3 .54 (q,  1 = 

4.2 Hz, ! H) ,  3 .48 (dd, 1 = 1 2. 8 ,  4.3 Hz, ! H) ,  3 .40 (dd, 1 = 1 3 . 1 , 5 .7 Hz, I H) ppm. 13C 

NMR ( 1 00.6 1 3  MHz, 020): a 62.7, 67.0, 70.3 (d, 1 = 5 .4 Hz), 7 1 .8 (d, 1 = 8.0 Hz) ppm. 

Synthesis of diethyl (2R,3R)-bis(benzyloxy)tartrate144• 146 

0 OBn 

EtO�OEt 

OBn 0 

o-Oiethyl tartrate (8 .6 mL, 0.05 mol) was di ssolved i n  CH2Cl2 ( 1 00 mL) and BnBr 

( 1 7 .82 m L, 0. 1 5  mol ), Ag02172 (24.7 g,  0. 1 06 mol), and KI  ( 1 .66 mg,  0.0 1 mol ) were 

added. The reaction mi xture was refl uxed under Ar for 1 hour and fi ltered over a Cel i te 

pad. The filtrate was then washed with water and dried. The solvent was then removed 

in v a c u o  to g ive an o i ly  res idue .  The res idual o i l  was purif ied by col umn 

ch romatography on s i l i ca  ge l  ( 5 :  I ,  hexane : EtOAc) to g ive  d i ethyl  (2R,3R)-

bis(benzyloxy)tartrate as a colourless oi l  ( 1 8 .9 g, 97 %). 

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

1 H NMR (400 MHz, COCI3) :  a 7 . 3  (m, l OH), 4. 89 (d, 1 = 9.6 Hz, 2H) ,  4.48 (d, 1 = 9.6 

Hz, 2H), 4.42 (s, 2H), 4.23 (dt, 1 = 8.5, 5.7 Hz, 2H), 4. 1 0  (dt, 1 = 8 .5 ,  5.7 Hz, 2H), 1 .2 1  
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(t, J = 5 .7 Hz,  6H) ppm. 1 3C N M R  ( 1 25 M Hz, CDCI3) :  a 1 4. 1 ,  6 1 . 3 ,  73 .2,  78 .4, 1 28 .0, 

1 28 .3 ,  1 28.4, 1 37.0, 1 69.2 ppm. 

Synthesis of (2S,3S)-2,3-bis(benzyloxy)- 1,4-butanediol147' 148 

OBn 

HO+OH 

OBn 

LAH (0.83 g, 2 1 .85 mmol ) was suspended i n  dry ether (20 mL) and added d ropwi se 

over 1 hour to diethyl (2R,3R)-bis(benzyloxy)tartrate (3 .95 g, 0 .3  mmol) d i ssol ved i n  

dry ether (20 m L) under N2 at 0 OC. The reaction mi xture was then refl uxed for 4 hours. 

Excess LAH was destroyed by sequential addition of H20 ( l  mL), 1 5  % NaOH ( l  mL), 

and extra H20 ( l  mL) at 0 oC. The reaction mixture was filtered through Cel i te and the 

Cel i te pad was washed with ether. Removal of the solvent in vacuo yielded an o i l .  

Col umn ch romatography on s i l i ca ge l  ( 1 :  l ,  hexane: EtOAc) gave (2S, 3S)-2,3-

bi s(benzyloxy)- l ,4-butanediol (2.34 g,  76 %) as a whi te sol id .  

RF (hexane: EtOAc, I :  1 )  = 0. 1 4. 

1 H N M R  (500 MHz, CDCI3) :  a 7.4 (m,  I OH), 4.65 (s ,  4H), 3 .85 (d ,  J = 1 1 .6 Hz, 2H),  

3 .75 (d, J = 1 2 Hz, 2H),  3 .73 (m, 2H),  2.44 (br, s ,  2H).  

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

O 
OBn 

PhO -�- O+OH 

OPh OBn 
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Imidazole (0. 82 g, 1 2  mmol ) was added to (2S, 3S)-2,3-bis(benzyloxy)- 1 ,4-butanediol 

(2.4 g, 8. 1 mmol) d i ssolved in dry CH2CI2 (30 mL) under N2 at 0 oC. After the imidazole 

had completely d i ssolved, d iphenylchlorophosphate (0.43 mL, 8 . 1 mmol )  was added 

and the reaction w as then stirred for 4 hours under N2. The react ion m i xture was 

quenched by add ing  H20 (5 mL) and 1 0  % HCI (5 mL) to the reaction m ixture .  The 

organic layer was removed and the aqueous layer was further extracted w ith C H2CI2• 

Concentration of the combi ned organ i c  in v a c u o  extracts gave an o i l .  Col umn 

ch romatography ( 2 : 3 ,  h e xane : EtOAc)  gave  phosphor ic  ac i d ,  (2S ,  3S)-2,3-

bis(benzyloxy)-4-hydroxy-butyl diphenyl ester as a colourless oil ( 1 .2 g,  48 %). 

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

mlz (+ve FAB )  (M+Ht C30H2907P, , cal . 535 . 1 8857, found. 535. 1 89 1 2. 

' H N MR (400 M Hz, CDCI3) :  a 7.3 (m, 20H), 4.66 (d, J = 1 1 .6 Hz, 1 H),  4.57 (m, 4H), 

4.25 (ddd, J = 1 1 .0, 6.6, 7. 1 Hz, 1 H), 3 .90 (m, l H) ,  3 .74 (m, 1 H), 3 .63 (m, 2H), 2.90 (br 

s, l H) ppm. 1 3C N M R  ( l OO M Hz, CDCI3) :  a 6 1 .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 
ester1 49 

O OBn 
1 1  /"'o... .J... ,;.0 Ph0-�-0 Y '7 
OPh OBn 

To a stirred sol ut ion of phosphoric acid (2S,3S)-2,3-bi s(benzyloxy)-4-hydroxy-butyl 

d i phenyl ester (0. 3 g,  0.56 mmol ) i n  dry CH2CI2 (40 mL), Dess-Mart in  periodi nane 

(0.36 g, 0.84 mmol ) was added at room temperature. The reaction mixture was refl uxed 
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for 4 hours and then sti rred at room temperature overnight under Ar. Excess periodinane 

was quenched w ith  ether (45 mL), the mixture was washed w i th saturated aqueous 

Na2S203 (40 mL), saturated aqueous NaHC03 (40 mL), water (40 mL), and E�O (200 

mL). The resu l t ing m i xture was stirred for 1 hour at room temperature and then 

extracted three t imes w ith ether (80 mL). The combined extracts were w ashed w i th 

water and bri ne, and concentrated in vacu o .  The residual oil was purified by col umn 

chromatography on s i l i ca gel (2: 1 ,  hexane: EtOAc) to give phosphoric acid ,  (2R,3S)-2,3-

bi s(benzyloxy)-4-oxo-butyl d iphenyl ester (0.26 g, 87 %) as a l ight yel low syrup. 

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

m!z (+ve FAB) (M+Ht C30H2907P1 , cal . 533 . 1 7292, found. 533. 1 7337. 

1 H N M R  (400 MHz, CDCI3) :  a 9.63 (s ,  1 H) ,  7.3 (m, 20H) ,  4.69 (d, 1 = 1 1 . 8  Hz,  I H), 

4.59 ( d, 1 = 1 1 .6 Hz,  1 H) ,  4.5 1 ( d, 1 = 1 1 .6 Hz, 1 H) ,  4.47 ( d, 1 = 1 1 .6, 1 H) ,  4.42, (m, 

2H), 4.05 (m, 1 H), 3 .89 (d, 1 = 3 .8  Hz, 1 H) ppm. 13C NMR ( l OO MHz, CDC13) :  a 66.3,  

73 .5 ,  73.7, 77. 1 ,  8 1 .9, 1 20. 1 ,  1 25 .6, 1 28.2, 1 29.7, 1 36.9, 1 50.4, 202. 1 ppm. 

Synthesis of phosphoric acid (2R,3S)-2,3-bis(benzyloxy)-4,4-dimethoxy-butyl 
diphenyl ester150 

O OBn 
Ph0-�-0-n0CH3 

OPh OBn OCH3 

Trimethyl orthoformate (0. 1 24 mL, 1 . 1 3  mmol ) and H2S04 (0.98 !J.L, 1 8 .39 !J.mol ) were 

added to a solut ion of phosphoric ac i d ,  (2R ,3S)-2,3-bis(benzyloxy)-4-oxo-butyl 

diphenyl ester (60.2 mg, 0. 1 33 mmol ) in dry methanol ( l  mL). The reaction was sti rred 

overn ight at room temperature under argon. The reaction mixture was d i l uted w ith ether 

( 1 0  mL), H20 (5 m L), and saturated aqueous NaHC03 (3  mL). The aqueous layer was 
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extracted three t imes w i th 2 m L  of E�O. The organic  extracts were combined and 

concentrated in vacuo. The residual oi l  was purified by col umn chromatography on 

s i l i ca  gel (2: I ,  hexane : EtOAC) to g i ve acetal phosphoric ac i d ,  (2R,3S)-2,3-

bis(benzyloxy)-4,4-d imethoxy-butyl d iphenyl ester (49.7 mg, 76 %) as a colorless o i l .  

RF (hexane: EtOAc, 2: I )  = 0.49. 

m/z (+ve FAB )  (M+Ht C32H3508P1 , cal . 60 1 . 1 9673 , found. 60 l . I 97 1 5 . 

'H  NMR (400 M Hz, CDCI3) :  a 7.2 (m, 20H), 4.74 (d,  J = 1 1 .4, I H) ,  4.6 I (d, J = 1 1 . 4 

Hz, I H), 4.5 I (d, J = 1 1 .4 Hz, 2H), 4.46 (d, J = 6. I HZ, I H) ,  4.30 (m, 2H), 3 .88 (ddd, J 

= 8.4, 5 .8 ,  3 .5  Hz, I H) ,  3 .5 (dd, J = 6. 1 ,  3 .5 Hz, 1 H) ,  3 .43 (s, 3H), 3 .25 (s ,  3H) ppm. 1 3C 

NMR ( 1 00 M Hz, CDCI3) a 54.8, 56.3 ,  68. 1 (d, J = 6.6 Hz):  7 1 .7 ,  73 .8 ,  73 .8 ,  74.5 ,  77.2 

(d, J = 8.4 Hz), 77.9, 1 05 .2 ppm. 

Synthesis of o-T4P 

OH 0 
2-o PO. ).__ Jl 3 

....._, A 
-H 

OH 

Protected D-T 4 P  phosphori c acid ,  (2R ,3S)-2,3-b is(benzyloxy)-4,4-dimethoxy-butyl 

d i phenyl ester (49.7 mg, 85.8 !lmol) was d i ssol ved i n  methanol (2 m L) and Pt02 ( 19.5 

mg, 86 !lmol ) was added. The mixture was sti rred at room temperature overn ight under 

H2 (atmospheric pressure). The reaction mixture was filtered over Cel i te and the solvent 

was removed in vacuo to give d imethyl acetal o-T4P (2 1 mg, I OO %).  Dimethy l  acetal 

o-T4P (2 I mg, 85 .6 !lmol ) was then d i ssol ved i n  H20 and sti rred for two days. The 

progress of the reaction was fol lowed by 'H N M R  spectroscopy. After the complete 

d i sappearance of the acetal group was observed by 'H NMR spectroscopy, the y ie ld of 
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D -T4P (43 .7 f..t mol , 5 1  %) was determi ned usmg the DAH7P synthase assay by 

fol lowing the loss of PEP at 232 nm (with D-T4P l imiti ng). 

m/z (-ve ESI)  (M-Hr C4H907P1 , ea! . 1 99.0008, found 1 99.0009. 

Synthesis of L-T4P 

OH 0 
2-o PO o 11 3 � H 

OH 

L-T4P (0. 1 2  g, 1 0  % overal l  yield) of was prepared start ing wi th L-diethyl tartrate ( 1 

mL, 5 . 8  mmol) using same method for o-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-Hr C4H907P1 , ea! . 1 99.0008, found 1 99.0004. 

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

An alternative assay for D-E4P (or o-T4P) involved observing the oxidation of NADH 

(�40 = 6.2 a 1 0
3 

M- ' cm- ' ) fol lowed by the conversion of o-E4P (or D-T4P) to G3P via 

D-glyceraldehyde 3 -phosphate and d ihydroxyacetone phosphate cata lysed by the 

enzymes transaldolase, triose phosphate i somerase , and G3P dehydrogenase (F igu re 

2.7). EDTA, o-F6P, and NADH solutions were freshly made in 50 mM BTP buffer (pH 

6.8) .  The pH of  1 mL of o-E4P (or  o-T4P) solution was  adjusted to  about pH  7 .0 w ith 

1 M of NaOH. 
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The fol lowing assay conditions were used: 

EDTA 

o-F6P 

NADH 

Transaldolase 

Triose phosphate i somerase 

G3P dehydrogenase 

I mM 

300 !-!M 

1 20 !-!M 

2 U  

2 U  

0. 1 u 

EXPERIMENTAL 

The reaction mixture except enzymes was incubated at 25 OC for 5 minutes and enzyme 

assay was monitored at 340 nm. The assay was ini tiated by the add ition of two units of 

tr iose phosphate i somerase and fo l l owed by the add i tion of 0. 1 U of G 3 P  

dehydrogenase. When all G 3 P  had been consumed , two units of transaldolase were then 

added. 

Coupled assay system using DHQase and DHQS 

A coupled assay system us ing unpurified DHQase and DHQS was performed after 

generat ing  DAH7P and o-DLH7P from the o-E4P and o-T4P, respecti vely i n  the 

DAH7P synthase reaction. The coupled assay reaction was monitored at 234 nm (�4 = 

1 .2 a 1 04 cm· ' M· ' ) fol lowing the generation OHS. 

The assay solution contained: 

MnS04 

NAD+ 

DHQase 

DHQ synthase 
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A coupled assay reaction mixture contained DAH7P (or D-DLH7P), MnS04, and NAD+ 

i n  BTP buffer at pH 6.8 .  The total volume was made up to 1 m L  w ith the buffer. The 

react ion was in i t iated by the add i tion  DHQase (5 !-1- L) and DHQS (5 !-1-L), and the 

absorbance was measured at 234 nm (c;_,4 = 1 .2 a 1 04 cm- 1 M- 1 ) . 

7 .4. Experimental for Chapter Th ree 

Preparation of D-ASP153 

OH 0 

2-o3PO�H 
OH OH 

PEP (0.078 g ,  0.34 mmol ) and ATP (5.5 mg, 1 0  !-'-mol ) were added to D-arabi nose (0.05 

g, 0.3 mmol ) d i ssolved in H20 (5 mL).  MgS04 ( 1 7  mg, 0. 1 mmol ) and KCI (7 .45 mg, 1 

mmol ) were then added to this sol ution and the pH was adjusted to 7 .6 with 1 M NaOH. 

2-Mercaptoethanol (0.5 !-1-L, 4. 1 !-'-mol ) and pyruvate kinase (2 1 8  U)  were added and the 

reaction was in it iated by adding hexokinase (270 U). The reaction mi xture was allowed 

to sti r for two days at room temperature and the progress reaction was fol lowed by 
3 1 P 

N M R  spectroscopy. After two days ,  when the complete consumption of PEP was 

observed by 
3 1 P NMR spectroscopy, the enzymes were removed from the sol ution by 

fi l tration ( 1 0,000 molecular weight  cut off device) .  The reaction mixture was tested 

w ith N. meningitidis KD08P synthase by fol lowing the loss of PEP to form the e ight-

carbon sugar KD08P. The react ion mixture was then purifi ed  by an ion exchange. 

Purification of the D-A5P on a SourceQ™ anion exchange col umn was performed at 4 
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OC using a B ioLogic Duo-Flow FPLC system (B io- Rad) wi th detection at 280 nm and 

2 1 4 nm. The sol ution conta in ing o-A5P and buffer solutions were fi l tered before 

appl i cation to the column. The o-A5P was el uted w ith a l i near grad ient of 0- 1 M of 

NH4HC03. The fi lte red sample was loaded to the col umn using a 500 !-!L loop. The flow 

rate was 0.2 mL/min and 3 mL fractions were collected. The fractions contain ing o-A5P 

were identified fol lowed by the loss of PEP us ing N. meningitidis KD08P synthase . 

Fractions conta in ing  o-A5P were combined, lyoph i l i sed, and stored i n  the -80 OC 

freezer to yield 73 mg (95 %). 

m/z (-ve ESI) (M-HY C5H 1008P, cat . 229.0 1 1 3 , found 229.0 1 19. 

3 1 P NMR ( 1 6 1 .9675 MHz) 3 .400. 

Preparation of o-LSP 

OH 0 
2-03PO�H 

OH OH 

MgS04 ( 1 7  mg, 0. 1 mmol) and KCI (7 .45 mg, I mmol)  were added to a reaction 

mixture conta in ing o-Iyxose (0.05 g, 0 .3 mmol ), PEP (0.078 g, 0 .3 mmol),  and ATP 

(5.5 mg, 1 0  !-!mol ) d i ssol ved in  H20 (5 mL).  The pH was adj usted to 7 .6  w i th 1 M 

NaOH and then 2-mercaptoethanol (0.5 !-!L, 4. 1 !-!mol ) and pyruvate kinase (2 1 8  U) 

were added. The reaction was in i tiated with adding hexokinase (270 U) and the progress 

reaction was fol lowed by 3 1 P NMR spectroscopy. After overn ight i ncubation, another 

pyruvate kinase ( 1 09 U), hexoki nase ( 1 35 U), and MgS04 (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 MgS04 (40 mg, 0.34 mmol) were added. The reaction 
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mixture was l eft for a further four days .  When PEP was ceased,  the enzymes were 

removed for the reaction m ixture by fi l trat ion ( 1 0,000 molecular we igh t  cut-off 

fi l tration device) .  The reaction mixture was tested w i th B ial ' s  reagene63- 1 65 to confirm 

the presence of D-L5P. The reaction mixture was then purified on a SourceQ™ anion 

exchange column performed at 4 OC using a B ioLogic Duo-Flow FPLC system (B io

Rad) with detection at 280 nm and 2 1 4  nm. The sol ution conta in ing D-L5 P  fi ltered  

previously was el uted w i th a l inear gradient of 0- l M of fi ltered N H4HC03. The fi ltered 

sample was loaded to the column using a 500 !-AL loop. The flow rate was 0 .2 mL/mi n  

and 3 m L  fractions were col lected. The fractions contain ing o-L5P were ident ified w i th 

B ial ' s  reagent as descri bed below. Fractions conta in i ng of D-L5P  were combi ned, 

lyoph i l i sed, and stored in  the -80 OC freezer to y ield 58  mg (76 % ). 

m/z (-ve ESI) (M-HY C5H 1008P, cat .  229.0 1 2, found 229.0 1 1 5 .  

3 1P NMR ( 1 6 1 .9675 MHz) 1 . 800. 

Bial's reagent assay163 

Reagents for B ial ' s  assay: 

Concentrated HCI 

1 % FeCI3 

orc inol 

40.7 m L  

1 m L  

0. 1 g 

Purified fractions were assayed treating w ith B ial ' s  reagent to determine the presence of 

o-L5P. Al l  the reagents were combined and the volume was added up  to 50 mL. For 

1 00 !-AL of sample from purified fraction,  500 !-A L  of the reagent was added and the 

reaction mixture was heated at 1 00 OC for 10 minutes. The assay gave a green colour i n  

the presence of D-L5P. 
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Synthesis of (-)- 1 ,2;3,4-0-diisopropylidene-a-D-xylofuranose166• 167 

EXPERIMENTAL 

o-Xylose ( 1  g, 6.67 mmol) was di ssol ved in acetone ( 1 0 mL, A R  grade) and CuS04 

(2. 1 2  g, 1 3 .3 m mol ), and H2S04 ( 1  07 f.!L, 2 m mol) were added to the reaction mi xture .  

The reacti on mi xture was al lowed to sti r vigorously under a calc ium chlor ide dry ing 

tube for 28 hours .  The mixture was then fi l tered and the precipitate was washed with 

acetone (5 mL). The fi l trate was treated w ith aqueous ammonia ( 1  60 f.!L, 28 %) and the 

preci pitate was removed by fil tration. The preci pitate was washed with acetone (5 mL) 

and the solvent from the combined fi ltrates was removed in vacuo to give 1 ,2 ;3 ,4-0-

d i i sopropyl idene-a-o-xylofuranose ( 1 .5 g) of a yel low syrup. Next step was carried out 

without purification. 

1 H NMR (400 MHz, CDCI3): a 5 .95 (d, 1 = 3 .6 Hz, 1 H), 4.49 (d, 1 = 3.3 Hz, 1 H), 4.30 

(s, I H), 3 .98 - 4. 1 3  (m, 3 H), 1 .45 (s ,  3 H),  1 .40 (s ,  3H), 1 . 34 (s ,  3 H),  1 .28 (s, 3 H) ppm. 

13C NMR ( 1 00.6238 MHz, CDCI3) :  a 26.6, 27.2, 6 1 .7 ,  77.5, 78 .9, 86. 1 ,  1 05 . 3 ,  1 1 2. 2  

pp m. 

Synthesis of (-) - 1  ,2-0-isopropylidene-a-D-xylofuranose 166• 167 

HO�H 
_o 

0 
o-y 
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The yel low syrup, 1 ,2 ;3 ,4-0-d i isopropyl idene-a-o-xylofuranose ( 1 .5 g, 6.5 mmol), was 

dissolved i n  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 fi l tered and neutral ised to pH 7 - 8 w i th 

NaHC03. The sol vent was then evaporated wi th rotary evaporator to g ive a yel low 

s lurry . The yellow sl urry was washed w ith 7.5 mL chloroform and fi ltered. The fi l trate 

was removed i n  vacuo to g ive 0.95 g of 1 ,2-0-i sopropy l i dene-a-o-xylofuranose of a 

yel low syrup. Next step was carried out without purifi cation. 

1 H NMR (400 MHz, CDCI3): a 5 .95 (d, J = 3 .6 Hz, 1 H ) ,  4.50 (d, J = 3 .6 Hz, 1 H), 4.30 

(s, l H), 4.0 1 - 4. 1 4 (m, 2H), 1 .46 (s, 3 H),  1 .29 (s ,  3 H), ppm. 13C NMR ( 1 00.6238 M Hz, 

CDCI3): a 25 .3 ,  25.8,  64.0, 73.9, 80.0, 84.8, 1 04.8, I J 3.0 ppm. 

Synthesis of (-)- 1 ,2-0-isopropylidene-a-D-5-diphenylphospho-xylofuranose 

0 
1 1  

PhO-�-OqH 
OPh __ o 

0 
o-y 

I ,2-0-l sopropyl idene-a-o-xy lofuranose (0.95 g, 5 mmol) was di ssolved in  CH2CI2 ( 1 50 

mL). Imidazole ( 1 .36 g, 0.02 mol ) and diphenylchlorophosphate ( 1 .4 mL, 7 m mol) were 

added to the reaction mixture at 0 OC. The reaction mixture was sti rred under N2 for 6 

hours. The reaction was stopped by adding H20 ( 1 0 mL) and 1 0 % HCI ( 1 0  m L) to the 

reaction m ixture .  The aqueous layer was extracted three times with CH2CI2 (50 mL). 

The combined extracts were washed w ith saturated aqueous NaHC03 (20 mL),  H20 (2 

a 20 mL),  and saturated aqueous NaCI (20 mL), d ried wi th MgS04, and concentrated .  
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Purifi cation by flash chromatography (2:3 ,  hexane : EtOAc) gave 1 ,2-0-isopropyl idene-

a-o-5-diphenylphospho-xylofuranose (0.65 g, 3 1  %) as a colorless syrup. 

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

m/z (+ve FAB) (M+Hr C20H2408P, cat .  423 . 1 2088, found 423 . 1 208. 

' H N M R  (400 MHz, CDCI3) :  a 7.3 (m, 1 0H), 5 .85 (d, J = 3 .5  Hz, 1 H), 4.48 - 4.52 (m,  

2H),  4.25 - 4.3 1 (m, 2H) ,  4.07 (d, J = 1 .9 Hz ,  I H) ,  1 .45 (s ,  3 H), 1 .27 ( s ,  3H)  ppm. 1 3C 

N M R  ( 1 00.6238 MHz, CDCI3) :  a 26.2, 26.9, 65 .2, 73 .8 ,  78 .8 ,  85. 1 ,  1 05.0, 1 1 1 .9, 1 20. 1 ,  

1 25 .8 ,  1 28.0, 1 28.5,  1 30.0, 1 50.3 ppm. 

Synthesis of (-) -1 ,2-0-isopropylidene-a-D-5-phospho-xylofuranose 

0 
1 1  

HO-�-OqH 
OH  _o 

0 o-y 

1 , 2 -0- I sopropyl i dene -a-o-5-d i phenylphospho-xy lofuranose (0.65 g ,  1 . 5 m mol) 

d i ssol ved in  methanol and Pt02 (0 .34 g, 1 .5 mmol ) was added to the reaction, and the 

reaction mixture was then sti rred overnight under H2 atmosphere at room temperature. 

The reaction mi xture was then fi ltered and the sol vent was removed in vacuo to gi ve 

1 ,2-0-isopropyl idene-a-o-5-phospho-xylofuranose (0.42 g,  1 00 % ). 

' H NMR (400 MHz, CDCI3) :  a 5.80 (d, J = 3.7 Hz, I H), 4.45 (d, J = 3 .7 Hz, 1 H) ,  4. 1 9  

(m, 1 H), 4.07 (d, J = 2.8 Hz, 1 H), 3 .98 - 3.80 (m, 2H), 1 .27 (s, 3H) ,  1 . 1 1 (s ,  3H)  ppm 

13C NMR ( 1 00.6238 MHz, CDCI3) :  a 25 .3 ,  25 .8 ,  64.0, 73 .9,  79.9, 84. 8 ,  1 04.8 ,  1 1 3 .0 

pp m. 
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Synthesis of D-XSP 

0 
1 1  

HO-�-OqH 
OH _o 

OH 
OH 

EXPERIMENTAL 

I ,2-0-Isopropyl idene-a-o-5-phospho-xylofuranose (0.42 g, 1 .56 mmol) was di ssol ved 

in H20 ( 1 5  mL) and sti rred for two days at 50 OC. The progress of the reaction was 

fol lowed by 1 H N M R  spectroscopy. After the complete d isappearance of the acetonide 

group was observed by 1 H N M R  spectroscopy , the yield of o-X5P (0.26 g, 72 %) was 

determined by the loss of PEP i n  general DA H7P synthase assay test expla ined in 

section 7 .2. 

m/z ( -ve ES I )  (M-HY C5H 1008P, cal .  229.0 1 1 3 , found 229.0 1 1 3 . 

Synthesis of L-XSP 

OH 

~ H0-�-0 OH 
I 
OH 

L-XSP (0.2 g, 1 3  % overall  y ie ld) was prepared starting w ith L-xylose ( 1  g, 6.67 mmol ) 

fol lowing the same procedures  for the synthesis  of o-X5 P. N M R  spectra from the 

intermediate compounds appeared to be same as those recorded for the synthesis  of o-

X5P. 

mlz (-ve ESI )  (M-HY C5H 1008P, cal .  229.0 1 1 3 , found 229.0 1 1 3 . 
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7.5. Experimental for Chapter Four 

EXPERIMENTAL 

Kinetic assays for D-T 4P and L-T 4P with E. coli D AH7P(Phe) synthase and P. 

furiosus DAH7P synthase 

The conti nuous assay method fol lows the d i sappearance of the double bond of PEP, 

based on the absorbance at 232 nm of PEP and was modified the assay of Schoner and 

Herrmann.44 

Assays for the determi nation of E. coli DAH7P synthase ki net ic parameters were 

performed as previously described . 1 33 The consumption of PEP was monitored at 232 

nm (extinction coefficient at 232 nm of 2.8 a I 0
3 

M- 1 cm· 1 at 25 OC and pH 6.8). Assays 

were i ni ti ated by the addition of the enzyme. 

To determine ki netic parameters for PEP the reaction mixture contained: 

( i )  2.4 mM o-T4P and 6 - 230 �--tM PEP 

( i i )  2.4 mM L-T4P and 8 - 305 �--tM PEP 

To dete rmine kinetic parameters for o-T4P and L-T4P the reaction mi xture contained: 

( i )  1 1 2 �--tM PEP and 0. 1 - 2. 8  mM o-T4P 

( i i )  1 26 �--tM PEP and 0. 1 - 3 .0 mM L-T4P 

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

performed as previously descri bed .39 The consumption of PEP w as monitored at 232 nm 
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(extinction coeffic ient at 232 nm of 2.6 a 1 0
3 

M- ' cm· ' at 60 OC and pH 6.8) .  Assays 

were i n it iated by the addition of the four-carbon phosphorylated sugar. 

To determine kinetic parameters for PEP the reaction mixture contained: 

( i )  1 22 �M o-T4P and 9 - 1 80 �M PEP 

( i i )  300 �M L-T4P and 6 - 23 1  �M PEP 

To determine kinetic parameters for o-T4P and L-T4P reacti on mixture contained: 

( i )  458 �M PEP and 8 - 1 60 �M o-T4P 

( i i )  63 �M PEP and 4 - 1 60 �M L-T4P 

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

OPOl-

HO�O� �: 

HO�Co2-

0H 

DAH?P 

OH OPOi-

HO�Co2-

OH 

D·DLH?P L-DLH?P 

Large scale enzymatic reactions were performed using E. coli DAH7P(Phe) synthase i n  

order to characteri se the products DAH7P, o-DLH7P, and L-DXH7P. For the generation 

of DAH7P, PEP (28 mg) and o-E4P (2 1 mg) were dissolved in water ( l  mL) and the pH  

was  adj usted to  pH 7 .0. For the generation of o-DLH7P and L-DXH7P, o-T4P (2 1 

mg)/PEP (23 mg) and L-T4P ( 1 8  mg)/PEP, respectively, were di ssolved i n  water ( l  m L) 

and the pH was adjusted to pH 7.0. MnS04 was added to both reaction mi xtures (final 

concentration of 500 !J.M). The reactions were in i t iated by the addition of enzyme (0.7 

mg for DAH7P; 0.5 mg for o-DLH7P and L-DX H7 P) and the loss of PEP was 
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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) us ing ammonium bicarbonate 

gradi ent (0- l M).  The fractions, i dentified by the presence of OAH7P, o-OLH7P, and L

OXH7P wi th thiobarbitur ic periodate, were pooled,  l yoph i l i sed,  and stored in the 

freezer at -80 ·c prior to NMR and mass spectral analysi s .  The fol low ing NMR data for 

OA H7P, o-OLH7P, and L-0XH7P are parti ally assi gned only for H3 .  The spectra are 

shown in  appendi x 3 .  

OA H7P: m/z (-ve ESI) ( M - H Y  C7H 10010P, , cat . 287.02, found. 287.0 1 3 .  

' H N M R  (700 MHz, 020): a-pyranose, 1 .7 1  (dd, 1 = 1 3 .2,  I 3 .2 Hz, I H , H3ax) ,  2.09 (dd,  

1 = I 3 .2,  5 .6 Hz, I H ,  H3eq) ,  a-pyranose a 1 .5 1  (dd, 1 = 1 2.2, I l . 8  Hz, l H,  H33J, 2 .5 1 

(dd, 1 = 1 2.2, 4.4 Hz, I H ,  H3eq), 3 .44 (dd, 1 = 9.4, 9.4 Hz, I H, H5), 3 .75 (d, 1 = 9.4 Hz,  

I H, H6), 3 .86, (m, I H ,  H4), 3 .89 (m, I H,  HT), 3 .95 (dd,  1 = 1 1 .6, 5 .6 Hz,  I H,  H7) ppm. 

o-OLH7P: m/z (-ve ES I)  (M-HY C7H 10010P1 , cat . 287.0 1 68 ,  found 287.0 1 23 .  

1 H NMR (700 MHz,  020): a-pyranose, 1 . 84 (dd, 1 = 1 2.9, 6. 1 Hz ,  I H, H3eq), 1 . 89 (dd, 1 

= 1 2. 9, 1 2 .4 Hz, I H ,  H3ax), a-pyranose a 1 .69 ( dd, 1 = 1 2.4, 1 2.4 Hz, I H, H33J, 2 .27 ( dd ,  

1 = 1 2.4, 4 .5  Hz,  I H , H3eq), a-furanose 1 .99 (dd ,  1 = 1 4.2, 2 .9 Hz, I H , H3eq) ,  2 .5  (dd ,  1 = 

1 4.2, 7 . I Hz, I H ,  H3ax), a-furanose 2.23 (dd, 1 = I 3 .6, 6 .8 Hz, I H, H3ax), 2 .3 ,  (dd, 1 = 

1 3 .6, 7 . 1 Hz, I H, H3eq) , lactones 2.4, (dd, 1 =  1 2 .2, 7 . 1 Hz, 1 H , H3ax), 2.76 (dd, 1 =  1 2 .2,  

3 .5  Hz 1 H, H3eq) 3 .89 (m, I H,)  ppm. 

L-0XH7P m/z (-ve ESI) (M-HY C7H 10010P1 , cat . 287.0 1 68 ,  found 287.0 1 68 .  

' H NMR (700 MHz, 020): a-pyranose, 1 .83 (dd, 1 = 1 2.8 ,  5 . I Hz, l H, H3eq), 1 .87 (dd, 1 

= 1 2. 8 ,  1 2.5 Hz, l H ,  H3ax), a-pyranose a 1 .68 (dd, 1 = 1 2 .4, 1 2.4 Hz, l H ,  H3ax), 2 .26 (d,  

1 = 1 2.4, 5 .0 Hz, 1 H , H3eq) ,  a-furanose 1 .97 (dd,  1 = 1 4. 3 ,  3 .3 Hz, 1 H , H3eq) ,  2.48 (dd, 1 
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= 1 4. 3 ,  7 .4 Hz, 1 H , H3ax), a-furanose 2.2 1 ,  (dd, J = 1 3 .7, 6.5 Hz I H, H3ax), 2.29 (dd, J = 

1 3 .7,  7.0 Hz I H , H3eq) ppm. 

Large-scale synthesis of KD08P 

A large scale enzymatic react ion w as performed by us ing N. meningitidis KD08 P 

synthase to generate the product KD08P from o-A5P. o-A5P ( 1 1  mg, 47.3  f.!mol) was 

i ncubated in  the presence of PEP ( 1 1 mg, 53 .4 f.!mol ) i n  water ( 1  mL). The pH of the 

reaction mi xture was then adjusted to pH 7 .0 and MnS04 (500 f.!M) was added . The 

reaction was init iated by the addition of the N. meningitidis KD08P 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 ul tracentrifugat ion .  The 

products were then purified us ing anion-exchange chromatography w i th ammonium 

bicarbonate grad ient (0- 1 M) and examined by usi ng thiobarbituric ac id  assay to 

identify the presence of KD08P. The fractions containing KD08P that tested positive i n  

this thiobarbituric periodate test were then pooled, lyoph i l i sed (gi ven 15  mg), and stored 

in the freezer at -80 ·c for N M R  analysis and mass spectrum analysis. Fol lowing N M R  

data for KD08P are partial ly assigned only for H3.  The spectra are shown in  appendix 

3 .  

KD08P: m/z (-ve ESI) ( M-HY C8H 1 201 1 P1 , cal .  3 1 7 .0274, found 3 1 7.0277. 

1 H N M R  (500 M Hz, 020): a-pyranose, 1 .74 (dd,  J = 1 3 .0, 5 .7 Hz, 1 H, H3eq), 1 .79 (dd,  J 

= 1 3 .0, 1 1 . 3  Hz, 1 H, H3ax) ,  a-pyranose a 1 .6 1  (dd, J = 1 2.2, 1 2.2 Hz, 1 H , H3aJ, 2.2 (dd, 
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1 = 1 2.2,  8 .8 Hz, 1 H, H3eq), a-furanose 1 .92 (dd, 1 = 1 4.2,  3 .2 Hz, I H, H3eq) ,  2.45 (dd, 1 

= 1 4.2 ,  7 .2  Hz, 1 H , H3ax) ,  a-furanose 2. 1 5 , (dd, 1 = 1 3 .4, 7 .0 Hz I H , H3ax),  2.23 (dd, 1 = 

1 3 .4, 7 .3  Hz l H, H3eq) ppm. 

7.6. Experimental for Chapter Five 

Kinetic assays for D-ASP, L-XSP with N. meningitidis KD08P synthase 

Assays for the determi nation of N. meningitidis KD08P synthase ki neti c parameters 

were performed by the consumption of PEP mon i tored at 232 nm (extinction coeffic ient 

at 232 nm of 2.8 a l 03 M- 1 cm· 1 at 30 OC and pH 7.0) .  Assays were i n i ti ated by the 

addit ion of the enzyme. 

To determine kinetic parameters for PEP the reaction mixture contained: 

( i )  80  f-tM o-A5P and l - 8 f-tM PEP 

( i i )  300 f-tM L-X5P and l - 20 f-tM PEP 

To determi ne ki neti c parameters for phosphorylated monosaccharides the reaction 

mi xture contained: 

( i )  1 60 f-tM PEP and 2 - 300 �-tM D-A5P 

( i i )  1 60 f-t M  PEP and 7 - 370 �-t M  L-X5P 
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The large scale syntheses of D-DA08P and L-DG08P 

o-DA08P L-DG08P 

EXPERIMENTAL 

A large scale enzymatic reaction was performed by using E. coli DAH7P( Phe) synthase 

for generation of o-DA08P from o-R5P, and N. meningitidis KD08P synthase to 

generate the product L-DG08P from L-X5P. Purchased o-R5P (3 mg,  l l  f.!mol) and 

synthesi sed L-X5P (2 mg, 8.7 f.!mol ) were incubated in  the presence of PEP (3 mg, 1 4.5  

f.!mol for reaction w i th  o-R5P; 2 mg ,  9.7 flmOI for react ion with L-X5P) in  water ( 1  

mL). The pH of the reaction mixture was then adjusted to pH 7.0 and M nS04 (500 f.! M, 

final concentration) was added. The reaction was in itiated by the addit ion of the E. coli 

DAH7P(Phe) synthase (2 mg) for reaction w i th o-R5 P, and the N. meningitidis KD08P 

synthase (0.6 mg) for reaction with L-X5P. The loss of PEP was mon itored for 48 hours 

for L-DG08P at 270 nm. After 48 hours, when the loss of absorbance had ceased, the 

enzyme was fi l tered off by ul tracentrifugation.  The products were then purified using 

anion-exchange chromatography with an ammonium bicarbonate gradient (0 - 1 M)  and 

examined by using the thiobarbituric assay to identify the presence of o-DA08P and L-

DG08P. The fractions that tested posit ive i n  this test were then pooled and lyoph i l i sed 

to g ive o-DA08P ( 1 .7 mg) and L-DG08P ( 1 .5 mg). These white sol ids were stored in  

the freezer at  -80 ·c prior NMR and mass spectral analysis. Fol lowing N M R  data for o-

DA08P and L-DG08P are partial ly  assigned only for H3. The spectra are shown i n  

appendix 3 .  

o-DA08P: m/z ( -ve ESI )  (M-HY C8H 120 1 1 P1 , ca l .  3 1 7.0274, found 3 17.0275 .  
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1 H NMR (400 MHz, 020) :  a-pyranose a 1 .65 (dd, J = 1 2.7, 1 2 .4 I H, H3ax) ,  2 .0 (dd, J = 

1 2.7, 5 .0 Hz, I H ,  H3eq) ,  a-pyranose a 1 .43 (dd, J = 1 2 . 3 ,  1 2.3 Hz ,  1 H , H3ax), 2 .42 (dd, J 

= 1 2 .3 ,  4.48 Hz, 1 H , H3eq) 3 .44 (dd, J = 9.5 Hz, 1 H , H5) ,  3 .75 (d,  J = 1 0.0 Hz, 1 H, H6), 

3 .76, (m, 2H, H4 and H7), 3 .85 (m, 1 H, H8), 3 .99 (m, 1 H, H8- ) ppm. 

L-DG08P: m/z (-ve ES I) ( M-H)" C8H120 1 1P1 ,  cat . 3 1 7 .0274, found.  3 1 7 .0273.  

' H NMR (400 MHz, 020): a-pyranose, 1 .79 (dd,  J = 1 2.3 ,  4.7 Hz, 1 H , H3eq), 1 . 8 1  (dd,  J 

= 1 2.3 ,  1 0.5 Hz, I H , H3a,), a-pyranose a 1 .6 1  (dd, 1 = 1 2 .3 ,  1 2. 3  Hz, I H , H3a,),  2 . 1 8  (s, 

1 H , H3eq), a-furanose 1 .9 (dd, J = 1 4.3 ,  3.4 Hz, I H ,  H3cq), 2.42 (dd, J = 14.3 ,  7 .4 Hz, 1 H, 

H3a,), a-furanose 2. 1 4, (dd, J = 1 3 .5 ,  7 .0 Hz I H ,  H3a, ) ,  2 .23 (dd, J = 1 3 .5 ,  6 .8 Hz  1 H, 

HJeq) ppm. 
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APPENDIX 1 MOLECULAR NOMENCLATURE 

APPEN DIX 1 

Molecular Nomenclature 

The numbering system for DA H7P and KD08P begins at the carbon atom of carbonyl 

group and continue through to the phosphate group: 

DAH?P 

5 
HO 

KD08P 

I somers of DAH7P and KD08P, which appear in this thes is ,  have been numbered in the 

same way .  

The  numberi ng used for s ix - ,  fi ve- , four-, and three-carbon aldose sugars compounds 

and their  analogues and derivatives i n  this thesis are numbered in  the same way: 

YO 

X X 

X X 

X =  H or OH 
Y = H or a phosphate moiety 
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APPENDIX 2 TABLE OF AMINO ACIDS 

APPEN DIX 2 

Table of Amino Acids 

Amino acid Symbol Structure 
pK, pK2 pKr 

(COOH) (NH2) (R group) 
0 
1 1  

Alanine Ala - A  H2N - C H - C -OH 2.4 9.9 I 
CH3 

0 
1 1  

H2N -C HC - OH 
I 

C H2 
I 

Arginine Arg - R  
C H2 

1 . 8 9.0 1 2 .5 I 
C H2 I 
N H  

I 
C =N H  

I 
N H2 

0 
1 1  

H2N - C H -C -OH 
I 

Asparagine Asn - N C H2 
I 2. 1 8 .7 

C ::;:Q 
I 

N H2 
0 
1 1  

H2N -C H -C -OH 
I 

Aspartic acid Asp - D  C H2 2.0 9.9 3 .9 I 
c ::::o 
I 

O H  
0 
1 1  

H N -C H -C -OH 
Cysteine Cys - C  

2 I 1 .9 1 0.7 8.4 
C H2 I 
S H  

0 
1 1  

H2N -C H -C-OH 
I 

Glutamic acid Glu - E  
CH2 

2. 1 9.5 4. 1 I 
CH2 I 
C ::;:Q 
I 

OH 
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APPENDIX 2 

Glutamine Gln - Q  

Glycine Gly - G  

Histidine His - H  

Isoleucine lie - I 

Leucine Leu - L  

Lysine Lys - K  

Methionine Met - M  

Phenylalanine Phe - F  

Proline Pro - P  

0 
1 1  

H2N - CH-C-O H 
I 

CH2 I 
CH2 I 
C=O 

I 
N H2 

0 
1 1  

H2N -CH2 -C -O H 
0 
1 1  

H 2N -C H - C - O H  
I 

CH2 

N� 
L N H  

0 
1 1  

H 2N - CH -C -OH 
I 

CH -CH3 
I 

CH2 I 
CH3 

0 
1 1  

H2N -CH -C-OH 
I 

CH2 
I 

CH -CH3 
I 

CH3 
0 
1 1  

H2N -C H -C - OH 
I 

CH2 I 
C H2 I 
C H2 

I 
C H2 

I 
N H2 

0 
1 1  

H2N - CH - C -OH 
I 

CH 2 I 
CH2 I 
s 
I 

CH3 
0 
1 1  

H N -C H -C -OH 2 I 
C H2 0 

0 
1 1  

C -O H  

H N8 
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2.2 9. L 

2.4 9 .8 

1 . 8 9 .3 6 .0 

2 .3 9 .8 

2 .3 9 .7 

2.2 9. 1 1 0.5 

2. L 9.3 

2.2 9.3 

2 .0 1 0.6 



APPENDIX 2 TABLE OF AMINO ACIDS 

0 
1 1  

Serine Ser - S 
H2N -CH-C-OH 

2.2 9.2 I 
CH2 
I 

OH 
0 
1 1  

Threonine Thr - T  
H2N -CH -C-OH 

2. 1 9. 1 I 
CH -OH 

I 
CH3 

0 
1 1  

H2N-CH - C  -OH 
I 

Tryptophan Trp - W  

CO 
2.5 9.4 

H 

0 
1 1  

H2N-CH-C-OH 
I 

Tyrosine Tyr - Y 

� 

2.2 9.2 1 0.5 

OH 
0 
1 1  

Valine Val - V 
H2N -CH-C-OH 

2.4 9.7 I 
CH-CH3 

I 
CH3 
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APPENDIX 3 NMR SPECTRA FOR DAH7P o-DLH7P L-DXH7P KDOBP D-DAOBP AND L-DGOBP 

APPE N DIX 3 

NMR Spectrum for DAH7P, n-DLH7P, L-DXH7P, KD08P, D-DA08P, and L

DG08P 
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