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ABSTRACT

The biosynthesis of vitamin B, (pyridoxal-5'-phos-
phate) is investigated by tracer methodology in two pyri-

doxineless mutant strains of Escherichia coli B, WG2 and

WG3. Pyridoxol from mutant WG2 and pyridoxal, which was
converted to pyridoxol, from mutant WG3 were isolated from
the culture fluid and cells, respectively, and degraded to
determine the distribution of activity derived from several
radioactively labelled compoundél

Competition experiments employing 14C-—labelled samples
- of glycerol and glycolaldehyde indicate that two pathways
leading to C-5',-5,-6 of pyridexol can occur in E. coli. 1In
mutant WG2, a mutant which closely resembles the wild-type
strain, the major pathway utili?es glycerol and related
trioses as the carbon source for the structural units of the
pyridoxol carbon skeleton: C-1,-3 of glycerol yields C-2',
-3,-4',-5' and -6; C-2 of glycerol yields C-2,-4 and -5 of
the vitamin. ‘fn mﬁtant WG3, the m;nor péthway utilizes
glycolaldéhyde'which suppligs C-5 and -5' of pyridoxal and
spares the incorporation of glycerol into this two-carbon
'unit: Glycerol is the source of the other six carbon gtoma.'
The méjé? pathway is blocked in mutant WG3 and the "glycol-

aldehyde paihway" becomes the sole source of vitamin Be.
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Competition experiments employing [2—14C]glycerol ' yaE
in thé presence'of either non-labelled pyruvate} acetate,
or hydroxypyruvate in mutant WG2, demonstrate that the two-
carbon unit, C-2,-2', required for pyridoxol biosynthesis,'/
is derived from pyruvate. Inéorporation of radioactivity
derived from [2-14C]pyruvaldehyde, [l— C]rlbose, and [1- 14 ]-
acetate into C-é,—Z' of pyridoxol can be ratlonalzéed by way
of pyruvate. 7

The identity of the pyruvate-derived C2 unit remains
to be established. The normal end~products'of pyruv;£e cata-
bolism have been eliminated as precursors of the two-carbon
unit, C-2,-2' of pyridoxol. 'On this basis, it is inferred
that acylating agents associated with the t Thzgependent
multienzyme complex, pyruvate dehydroéenase, may be involved
in the biosynthes;s of the viéamin. N

A hypothesis, consistent with the results obtained
from the tracer experlments, is proposed for the blosynthe31s
of vitamin 86. The first steps congist of acyl transfer‘to
dihydroxyacetone-l-phosphate folioWed by transamingtion yielding
an'aminosugaf, 4-amino-4,5-dideoxypentulose. Conden;ation
of the aminosugar with glyceraldehyde-3-phogphaée or a clogglyf
related compoun@ derivable aisogfrom glycol;ldehyde by theq
minor route, followed by dehydrq}ion yields pyridoxal (Séheme 25).
Radioactive'pyridoxol derived from‘[1—3H,2714C]g1ycerol '

indicates the -loss of one tritium atom relative to 14d during

the course of biosynthesis of the vitamin.

i 4
iv ‘ 3
‘ ' 79 ) . |
‘.



\ ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to Professor

I.D. Spenser for his enthusiasm, understanding and constant
encourageme

tWroughout the course of this research.

I am grateful to Dr. R.E. Hill for many helpful

discussions and suggestions, and to Dr. B.E. McCarry for
his continued interest.

&

Thanks are due to my colleagues of the Chemistry
zDepart;éQE,and particularly my friends and coworkers in

Dr. Spenser's laboratory who have made time pass so quickly.
I would like to thank Dr. G. Grue-Sorensen for pfoofreading
parts of this manuscript; Mr. R. Pauloski for maintaining
the cultures; Mrs. Jan Gallo for her fast and accurate typing
of this thesis; and, Mr, F. Rameian for drawing the diagrams.

The award of a Postgraduate Scholarship from the

Clifton Sherman Foundétion, and financial asgsistance from

-

the Department of Chemistry is gratefully acknowledged.

Finally, I wish to éxpress my appreciation to my
wife, LYNN, to whom this thesis is dedicated, for her

patience, support and companionship.



TABLE OF CONTENTS

INTRODUCTION : IR

CHAPTER 1 BIOGENESIS OF VITAMIN B

1.1
1.2

1.3

2.1

2.2

6
Introduction

Methods Embloyed to Investigate the Biosynthesis of
Vitamin BG
1.2,1 The Use of Mutant Organisms

3

1.2.2 The Use of Tracers
1.2.3 The Use of Enzymes

-

Knowledge Obtained from Mutant, Tracer, and Enzymic
Methods Concerning the Biosynthesis of Vitamin 86

1.3.1 The Terminal Stages of the Pathway

1.3.2 The Early Stages of the Pathway

CHAPTER II EXPERIMENTAL

Introduction

Materials and Methods Employed in This Study
2.2.1 Microorganisms

2.2.2 BLabelled Compounds

2.2.3  Isolation of Pyridoxol

2.2.4 Degradation of Radicactive Pyridoxol to deate
the Sites of Labelling

2,2.5 Determination of Raaioactivity

P A

vi

12
18

20
20
26

41
41

43

. 43

45

55

56
60



TABLE OF CONTENTS (Continued)

« CHAPTER III BIOSYNTHESIS OF PYRIDOXAL

3.1 Glycolaldehyde as a Precursor of Pyridoxal

3.1.1

3.1.2

3.1.3

3.1.4

Introduction S
3.1.1.1 Origin and Metabolism of Glycolaldehyde

3.1.1.2 Glycolaldehyde and Pyridoxal Bio-
“ synthesis ’

Results f
Digéuséion

3.1.3.1 Mutant WG2

3.1.3.2 Mutant WG3

3.1.3.3 Interpretation of Tracer Results in
Mutants WG2 and WG3

Schemes Proposed for the Utilization of Glycol-
aldehyde in Pyridoxal Biosynthesis

3.2 Origin of €, Unit, C-2,~2' of Pyridoxol

«

LY

3.2‘1

Introduction

Resiilts

Disdussion

3.2,3.1 Published Evidence Concerning the
Origin of the C, Unit, C-2,-2' of
Pyridoxol

2

3.2.3.2 New Data Concerning the C Unit,

C-2,-2' of Pyridoxol

2

3.2.3.3 Substraggs Dismissed as Progeniéors
of G-2,-2' of Pyridoxol

— vii :

66
71
79
80

81

84

94
108.
108
123
129

129

133

142



TABLE OF CONTENTS (Continued)

Page
3.2.3.? Plausible Pfecursors for the C2
Unit, C-2,-2' of Pyridoxol 151
3.3 Revised Hypothesis for the Biosynthesis of Vitamin B’ _ 159
3.3.1 The Origin of C-2,-2' of Pyridoxol ' 16l
3.3.2 | Incorporation of Glycolgldehyée ‘ ‘ -, 165
3.3.3 Incorporapioﬁ of Acetate and Aspartate . | . 169
3.3.4 Role of 3-Hydroxypyruvate e~ 172
3.3.5~N\Incorporation of [1—33,2—14C]G1ycerol 173
3.4 Future,Invéstigﬁxions . 176
: ' R
CHAPTER IV  SUMMARY o ' , 180 -
REFERENCES ’ : 182

[ . *

viii



_ TABLE

10

LIST OF T ES

S

Radiocactive Substrates

Incorporation of Labelled Substrates into
Pyridoxol

Synthesis of Labelled Saméles of Glycolaldehyde

Incorporation into Pyridoxol of [2-14C]Glycol-

aldehyde in the Presence of Nonradioactive

Glycerél

Incorporation into Pyridoxol of [2-14C]Glycerol
in the Presence of Nonradiocactive Glycolaldehyde

Incorporation into Pyridoxol of [2-14C]Glycol-
aldehyde and [2714C]Glycerol in Each Other's

Presence

Incorporation of Labelled Substrates into
Pyridoxol

Synthesis of [2-14C]Pyruvaldehyde from [2-14C]-
Acetone

Distribution of Radioactivity in Pyridoxol
Derived from [24§$C]Pyruvaldehyde, [l-l4C]-
Acetone, [l-;4C]Ribose.

_Incorporation into Pyridoxol of [Z—lAC]GIYCerol

in the Presence“of Nonradioactive Substrates

ix

76

78
124

125

127

128

)



Figure

10
11

12

13

LIST OF FIGURES

Page

Members of Vitamin Bs-Family. ’ 2
Number of Enzymes Postulated in the Blosynthe51s

of Vitamin B6 41 . 11
Postulated Cyclic Precursors for the Termindl

Stages of Vitamin BG Biosynthesis: 23
Postulated Sequence for Vitamin BG Blosynthe813

in Aspergillus nldulaus72 73 - 25

Possible Mode of Incorporation of Activitycinto’

Pyridoxol derived from 14

C~§é§blled y-Aminobutyric
83

Acid and Glycerol 30

<

Possible Orientation of Triose Units in Pyridoxol
Biosynthesis / ’

Mode of Incorporation into Pyridoxol of Activity
Derived from [1-140]— and [6-—14CJGlucose78

Apparatus Used for the Synthesis of [2-14C]- )

Pyruvaldehyde - e, Bl
l3C--NMR Spectrum of Fraction II Containing 12—13C]~

Pyruvaldehyde o ' - 54
Origin 'of Glycolaldehyde ‘ 62

Structural-Similarity Between Pyr% oxol and Various

Alkaloids 113
Structural Similarity;Between Pyrilfloxol and the
’Pyrimidine Moiety of Thiamin ‘ 122

Incorporatxon of Label into Pyrzdoxo Derzved from
A) [3 C]Pyruvate , B) [2 C]Pyruva e and
C) [2- C]Pyruyaldehyde 131



N T T2

L

Figure
14

15

16

LIST OF FIGURES (Continued)

o . [P L

Distribution of Act1v1ty Foudd w1th1n Pyrldoxol
Derived from A) [2— C]Acetate\,/é) [l- cl-

Page

Acetate and C) [l— C]Rlbose (Activity of Intact .,

Pyridoxol = 100; Per cent of Total Activity’at

Indicated Carbon Atoms)

Distribution of Activity Found within Pyridoxol
Derived from [2--l cJGlycerol in the Presence of
A) Sodium Pyruvate, B) Sodium Acetate and C)
Lithium 3-Hydroxypyruvate (Activity of Intact

Pyridoxol = 100; Per cent of Total Activity at
Indicated Carbon Atoms)

. Ant1c1pated Sltes of Labelllng of Pyridoxal

Derived from [l- H,2- C]Glycerol

xi

131

- 145

174



Scheme

10.

11
12

LIST OF SCHEMES'

Possible Sequence -for the Terminal Stage o

Vitamin BG Biosynthesis.41 .

Hypothetical Sequence for the Biosynthesis of
. 77
Pyridoxol

Aldolase Cleavage of Fructose-1l,6-Diphosphate

Alternative Route Involving GlyEolaldehyde Pro-

posed for the Origin of C-2,~-2' of Pyridoxol78

Degradation Sequences for Pyridoxol

Glycolaldehyde Derived from D-Xylulose-5-phosphate
by Transketolase Catalysis

Origin of Glycolaldehyde during Folic Acid Bio-
synthesis

Glycolaldehyde Implicated in Vitamin B, Biosyn-

51 6

thesis
Distribution of Activity Within Pyridoxol Derived
14C—Labelled Substrates (Activity of Intact
Pyridoxol = 100; Per cent of Total Activity at
Indicated Carbon Atoms)

from

Biogenesis of Pyridoxol, with Glycolaldehyde as
an Obligatory Intermediate (now disproven)

Biogenesis. of Pyridoxol by Two Independent Routes

Sequence Proposed for Glycolaldehyde Utilization

in Saccharomyces fragilis for Pyridoxol .Bie--

synthesi569

v xii

28
33

33

57

63

65

68

82

87
90

95



L

Scheme

13

14

15

16

17

18

19
20

21

22

23

24

LIST OF SCHEMES (Continued)

The Possible Intérmediacy of Glycolaldehyde as
the Progenitor of C-2,-2' of Pyridoxol78 97

Hypothetical Pathway for the Specific Incorpora-

tion of Glycblaldehyde into C-5,-5' of Pyrido-

37,38

xol 99

Hypothetical Pathway for the Biosynthesis of

67 101

Vitamin BG in Bacillus subtilis

Possible Conversion of Glycolaldehyde to Glycer-
aldehyde ‘ 105

Intermediacy of Dihydroxyacetone, G}lycolaldehyde
and N-Acetylglycine in a Hypothe¥ical Sequence for

the Minor Route to Pyridoxol y 107

A Two-Carbon Unit as the Progenitdr of A) C-2,-2'
or B) C-4,-4' of Pyridoxol 109

Two Pathways for the Biosynthesis of Serine 1l6

The "Glycolytic Shunt" - the Pyruvaldehyde By-Pass
to Pyruvate from.Dihydrox?aéetone—l—Phosphate in
E. coli i 136

Distribution of Label within Fructése-l,s-Diphos-
phate derived from [1—14C]Ribose via the Nonoxida-
tive Pentose Pathway 139

Incorporation of Activity into Pyridoxol Derived
from [1-14C]Acetate ~ Canversion of Acetate to
Glycolytic Intermediates via Two Pathways 147

Reaction Sequence for Decarboxylation of Pyruwvate
by Pyruvate Dehydrogenase Complex © 153

. . s
Intermediacy of 2-Acetylthiamin in Phosphorotlastic
Reaction in Anaerobic Bacteria 157

xiii

»



Scheme

25

26

27

28

LIST OF SCHEMES (Continued)

2-Acetylthiamin Formation from Pentose Phosphate
by Phosphoketolase Reaction in Anaerobic Bacteria

Postulated Origin for the C2 Unit C-2,-2' of
Pyridoxol. Boxed Substrates have been tested as

Precursors.,

Hypothetical Sequence for the Biogenesis of
Pyridoxol

Pyruvate Formation from Aspaﬁ?ﬁte (49) via
Homoserine (50), Threonine (siq and l-Aminoace-
tone (39) N

Xiv

Page

158

160

162

171



INTRODUCTION

o
The naturaelly occurring substances which are struc~

turally related to 3-hydroxy-4,5-bis(hydroxymethyl)-2-methylpyri-
dine (1) (Fig. 1) constitute a family of compounds collectively
referred to as vitamin Be. Three known forms of the vitanin,
pyridoxine (1), pvridoxal (2), and pyridoxamine (3), are present
in cell tissues predominantly as the 5'-phosphate esters rather
than as the unphosphorylated substances. It is generally ac-

cepted that two of the vitamin B, compounds, pyridoxal-(5)

6
and pyricdoxamine-5'-phosphate (6), are intimately associated
with the metabolism of «-amino acids. Hence, vitamin B6

is a vital requirement for all living organisms.

1. HISTORICAL

The existence of the vitamin in nature was recognized
in the course of the early work in animal nutrition. A sub-

stance which was considered to be a physiologically active

4,102

antidermatitis factor was termed vitamin B, by Gyorgy in 193

6
Shortly thereafter, reports from several laboratories claimed

the isoclation of a compound, from rice bran3“5

6,7

and from

which exhibited vitamin Bg activity in animal

experiments. Preliminary reports of the structure of this
8,9

yeast,

substance appeared éhortiy after its isolation. In 1939,

the identity of the vitamin with pyridoxine, 3~hydroxy-4,5-



e

- (9) @3eydsoyd-,s-autwexoprxka (O ‘(s) o3eydsoyd
-,6-TexopTxAg (g ‘(p) 23eydsoyd-,5-TOXOpTIAd (V¥ umom

*(g) sutwexopTtxAd (D ‘(z) TexopTakd (g ‘(T) TOxopTrAd (¥ ‘H

*ATTwed mm UTWR3TA JO SIBQqWIK T 2InbTJ

<

A
40 =




4

bis (hydroxymethyl)-2-methylpyridine (1) was confirmed by

10-12

synthesis. The synthetic compound demonstrated the

same biological activity as that isolated from nature.
The existence of pyridoxine-like substances which

were biologically more active than pyridoxine was first re-

cognized during a study of growth promotion., These

substances were later identified as two pyridoxihe analogues:

An oxidation product, pyridoxal (2) and an amination product,

pyridoxamine (3).15-l7

Subsequent studies demonstrated that pyridoxal,

pyridoxamine and pyridoxol could be converted to their 5'-

phosphate e.sters18

18

and that thgse substances were inter-
convertiblef Fuf%hermore, it was demonstrated that the
enzymes catalyzing these transformations were present in
microorganisms as well as mammalian tissues.lg'20 On this
basis, the suggestion that the enzyme catalyzed interconver-
sions of the various forms of the vitamin might be associated
with a metabolic function 9f vitamin B6 was advanced.ls'19

In an attempt to define the ﬁetabolic role of vitamin
B6, Gunsalus designated pyridoxal phosphate as a coenzyme

for the decarboxylation of the amino acids tyrosineZl'zz

23,24

and

It is now known

arginine in Streptococcus faecalis.
that pyridoxal-5'-phosphate (5) aids in non-oxidative
transformations such as decarboxylations, transaminations,

racemizations and condensations of the amino acids.



Other enzymic processes involving vitamin B, as a

6
cofactor were elucidated in the fifties and comprehenéive

compilations of these reactions have been éssembled.zs’26

i

Information concerning the biochemistry of vitamin B6 is

now available and well x.u'u:'ierstood.z?”31 However, one as-

pect which still warrants investigation is ips biosynthesdis.
Vitamin 86 is synthesized by higher élants, some fungi,

yeast and microorganisms. However, the vitamin ié a nutri-

tional requirement for all higher animals investigated to-date.

The biosynthetic sequence leading from primarydgetabolites to”
e

-

vitamin B, is still not understood: As a consequence, no

6
definitive information concerning the nature of any precursor
on route to the vitamin is available. Several published
article532_39 have dealt with this aspect of vitamj‘.n'B6 and
these contain all the available information regarding the bio-
synthetic pathway of the vitamin. This.information has been
inconsistent and, at times, contradictorj. It is the intention
of this thesis to clarify some of these inconsistencies and

to expand on the existing hypothesis for the biosynthesis of

vitamin B6.
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CHAPTER I

BIOGENESIS OF VITAMIN B

6

1.1 Introduction

Only within the last decade has any significant pro-
gress been made in attempts to elucidate the biosynthetic
sequence leading from acyclic amphibolic precursors to the
substituted pyridine ring derivatives collectively known as
vitamin Bg. Investigators involved with this topic have
divided the problem into two segments: The reactions leading
from acyclic precursors to the first cyclic intermediate on
route to vitamin B6 and the interconversions of the various
forms of the vitamin in the terminal stages of the biosyn-
thesis.18 The techniques used to investigate the biosynthésis
of the vitamin in microorganisms ca£ered to the two areas.
Early enzymic and nutritional studies with mutated organisms’
were largely confined to the later stages of vitamin Bg bio-
synthesis whereas studies which employed isotopic tracers
(depending on the availability of the tracer Sr a method for
its synthesis) gathered information about the early metabolic
transformations of a particular chemical substance and thereby
allowed its fate in the organism to be followed.” This division
is anticipated to converge at é point where £he first cyclic

intermediate leading to vitamin B¢ is identified.



Several obstacles have impeded the progre%s of esta;
blishing the sequence of biosynthesis of vitamin Bg. As a !
consequence of the interconvertibility of the{various forms
of the vitamin, the identity of the physiologically active
substance is not known with any degree of certainty. However,

40,41 has placed pyridoxal-S:-

the mutant work of Dempsey
phosphate (5) as the probable bioclogically active compound.
Secondly, the lack of organisms which produce workable guan-
tities of the vitamin or of any intermediates leading to
pyri%oxal—S'—phosphate (5) had hindered the investigafion of
the early biochemical transformations of_putative precursors
of the vitamin.

These obstacles can be overcome and the biosynthetic
sequence leading to vitamin B '

6

provided mutant, enzymic and isotopic studies are carried out

can be investigated adequately

in the same microorganism, and the information obtained by

the different methods is complementary and consistent.

1.2 Methods Employed to Investigate the Biosynthesis of

Vitamin B6

1l.2.1 The Use of Matant Organisms

The study of congenitél metabolic abnormalities, the
"inborn errors of metabolism" in huméns, has yielded much
information about genetics and metabolic proéesses.42 In
microérganisms, metéboli;m éan be investiggted by employing

the microbial mutant or auxotroph, whi¢h can be produced
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by irradiation or by treatment of a culture with a chemical
mutagen followed by appropriate selection techniques. .Mutantsr
containing a single genetic lesion can be selected.

7/The single mutation usually manifests itself in the
organism ‘as a metabolic block, hence the organism is unable
to synthesize a particular compound. This mutated organism
has a nutritional requirement which can be satisfied by addi-
tion 7q5the culture mediun, of any compound which lies beyond
this metabolic block. Otherw1se, no growth of the organlsm
6ccurs. dompounds which are suspected to lie between the
metabélic bloek and a target molecule may be tested by adminis-
tering these substances to buitures of this mutant and
observing ‘a“growth response of the culture. ,2n£e£mediat€§‘¥§Q%A%
preceding the metabolic block, on the other hand, may accumu-
late in the culture fluid and may be isolated and identified.

The idenpification of intermediates on route to the ]
target molecule becomes much more difficult if no prior know- )
ledge concerning these suﬁstancés as putative precursofs to
the target molecule is avéilable. By methodically testing
the culture fluid of each\mutant auxotrophic for the target
compound, with every otheﬁ available mutant, which is also
auxotrophic for the same CQ@EOund, and observing a growth
responsé, the mutants may be arranged in an order which‘coff

respohds to the séqqence'l ading to the target molecule.

-

This method of testing jis ¢alled cross-feeding or syntropism.



a
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The most comprehensive mutant study of the biosynthesis

of vitamin B6 employing the bacterium Escherichia coli B has

been carried out by Dempsey and coworkers. Their invéstigations
include both genetic and nutritional (crossfeeding) studies.39
Using a modified penicillin enrichment technique,

several hundred mutants of E. coli B auxotrophic for viéamin
B¢, have been isolated40 and were shown by their ability to
crossfeed one another and by genetic techniques to be blocked
at the Eéi gene, loci coding for the enzymes reqq%;ed for the
bio§ynthesis of vitamin B6.43'44 However, not all hutants,
isqla;ed in this manner, which demonstrate a depenaence on
vitamin B6 as a growth factor, can be regarded as true vitamin
B6 auxotrophs. One such type of mutant is the "pyridoxine
responsive" or "Km mutant”. "Km" mutants synthesize normal

amounts of vitamin B_.but as a result of the genetic lesion,

6
produce a defective apoenzyme which cannot bind its cofactor

adequately. The reduced affinity of the apoenzyme (presum-
ably an aminotransferase for pyridoxal-5'-phosphate) for the
enzyme hinders the biosynthesis of an amino acid. These
mutants will grow normally eithHer when elevated levels of
vitamin Be within the cell are achieved or when the amino
acid is added as a Subplement. Several mutants of this type
have been described, 45-49 and a rapid means of screening

for these mutants has also been reported..s0 A second class

of mutant which must also be excluded as a true vitamin B



auxotroph is the "pseudopyridoxineless" mutant. This type of
mutant neither sfnthesizes vitamin B6 nor grows when pyridoxol
is added to the culture medium. ﬁ;wever, these mutants res-
pond with full growth and pyridoxine synthesis wheh a single.
nutrient, such as another cofactor, is added to the culture
medium. Dempsey has described several such mutants.51
The earlier nutritional studies with mutants which
were not well characterized led to many contradictory opinions
regarding the biosynthesis of vitamin Be and as a consequence,
hindered the elucidation of this metabolic pathway. Thus,
for a valid investigatiop of the biosynthesis of vitamin B6
employing mutants, certain criteria must be met in order to
define a mutant as a true pyridoxine auxotroph. On this basis,
Dempsey propose& that a true pyridoxineless mutant of E. coli

{

can be defined .as one which does not ‘synthesize any pyridoxol

when removed from exponential growth and suspended in a glu-

cose salts medium and which also required pyridoxol or pyridoxal

7

at ‘a final concentration of no more than 6 x 10 ' M (the final

concentration of vitamin B6 in E. coli cultures at full growth),.

for full growth in’ a defined médium.39¢

The quantity of vitamin B6 in cultures of E. coli
at full growth is included in the definitioh of a true pyri-
doxineless mutant because normally, the biosynthesis of
yitamin.B6 in E. coli is subject to special mechanisms for

52,53

its regulation. Only a small amount of the vitamin is



10

required to function as a cofactor.>? Furthermore, this
stipulation excludes the "Km" or "pyridoxine responsive"
mutants which require elevated levels of the vitamin for

growth of the cultures.

39 50,55

The mutants of E. coli B™” and E. coli K12 which
have bgen isolated and comply with the definition of pyridoxine-
less mutants, have been arranged into five separate chromo-
somal groups. Each of the five groups or genotypes represents

a malfunctioning or deficient enzyme which is normally required
for pyridoxol biosynthesig. Three oth distinct loci which
also code for enzymes associated with vitamin §6 biosynthesis,

43

have been described. Thus, the infoxrmation obtained from

genetic studies, together with the knowledge of pyridoxol
kinase, an enzyme known from biochemical studies,ss'57 implies
that at least_five enzymes are necessary to biosynthesize
vitamin B, from a common metabolite (Fig. 2).

The existence of pyridoxol kinase and oxidase (geno-
type H, Fig. (2)), in g; coli was demonstrated in a separate
study using E. coli B mutant WG2, a group IV mutanﬁ which
grows on pyridoxal and pyridoxamine but not pyridoxol.“’57

The characteristics of each of the five unlinked
genetgc groups and how they pertain to vitamin B6 biosynthesis
hagﬁfﬁeen recently deécribed by Dempsey.39 This summary
degaiLs the enzymé deficiencies, which are known, and the

nutritional requirement of mutants in each group. Only the

mutants which pertain to the context of this thesis will be
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12 -
described in the appropriate sections.

1.2.2 'The Use of Tracers

w

The application of tracer techniques to investigate
the metabolic fate of a substrate "labelled" with an isotope
has proved to be a very powerful method to elucidate bio-
synthetic sequences in vivo with minimum perturbation of the
test organism. The tracers normally used for such studies

include the radioisotopes (14C, 3H, 358, 32P) and the stable

13C, lsN). Since individual tracers have their

isotopes (ZH,
own means of detection, each can be adequately quantified.

After administration_of a substrate, labelled. in a
known position, to a living organisd and provided that a suit-
able incubation time has elapsed, the compound under study
is isolated, purified and the isotopic content measured.

In the event thaE the product contains the tracer derived
from the substrate, the position(s) ahd relative quantity of
the tracer within the product must be determined in an un-
ambiguous manner.

Target molecules labelled with radioisotopes derived
from appropriately labelled substrates, must be chemically
degraded, by selective degradation methods of known mechanismé,
to y1cld products representing fragments of the carbon skeleton
of the compound being investigated. Isolation and purifica-
tion of éhese degradation products followed by radiocassay,

determines the quantity and location of tracer which may then
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be gslated back to the initial target compahﬂé. It is often
A -

difficult to locate, within the target compound, the position

in\whlch tracer has entered. This is primarily dye to the

incorporaﬁion of tracer into positions which are unreactive

to mild degradation conditions. Furthermore, to be unaware

that the incorporation of tracer into a target molecule which

upon degradation may yield the degradation product from two

segments of the molecule, may lead to an erroneous conclusion.

Hence, only partial analysis is obtained since the recovery

of tracer which has entered the target compound is incompleﬁe.
When stable isotopes are used in biosynthetic studies,

it is not necessary to use degradative methods to determine

position and quantity of tracer which has been incorporated

into the compound undef study. Non-destructive nuclear magnetic

resonance techniques are applied for analysis and the position

of label can be de;érmined directly from the spectrum. This

expedient method’ employed to study biosynthesis is restricted

to test organigms which demonstrate high levels of incorpora-

led precursor into the target compounds.58_63

In most experiments, the choice of the appropriately

.l belled substrates to be tested as precursors for a compound
under 1nvestigation is dependent on prior knowledge of the
‘incorporation pattern of certain rélatéd substrates already
tested in an ofganism, together with some intuition. This
choice is also limited by the cémmercial or synthetic avail-

ability of the isotopically labelled compound.
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If meaningful results are to be extracted from a
tracer experiment, the labelled substrate must reach the
site of biosynthesis and should be incorporaﬁed into the
target compound being investigated. 1Its mode of incorpora-
tion into the target molecule is a reflection of the metabolic
transformation that the substrate has undergone. However,
the mere incorporation of tracer does not constitute a pre-
cursor-product relationship; only if a non-random entry of
tracer is observed (i.e., if activity is confined to a single
or several specific sites), can any conclusion be made regarding
the intermediacy of the substrate as a precursor of the target
compound. Other criteria may also be employed to assess pre-
cursor efficiency.“’65
The specific incorporation of an isotopicaily labelled
substrate into a product demonstrates that this substrate is
a precursor or intermediate on route to the product. Other
techniques, which have been used to gain more information
about the biochemical fate of the precursor, employ multi-
labelled substrates, trapping, and isotope competition methods.
The introduction of two or more isotopes, of the same
or different nuclei, into more than one position of the sub-
strate yilelds either a doubly or multiply labelled compound.
I1f employved in a tracer experiment, a compound yields useful
information only if the position and quantity of each isotope

is xnown. The use of a doubly or multiply labelled compound

Al
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in an experiment permits the detection of entry of the pre-
cursor into a product as an intact unit, provided all the iso-
topes present in the labelled precursor are found in the pro-
duct whose quantitative isotope distribution corresponds to
that of the precursor. Any change in isotope content of the
product relative to that of the precursor represents the bio-
chemicgl cleavage between labelled atoms of the precursor
prior to its incorporation into the product.

Substrates doubly labelled with either radioisotopes
or stable isotopes have been used extensively in biosynthetic
investigations.

The most widely used radioisotopes in doubly labelled

substrates are 3H and 14C. A mixture of the same compound

labelled with the different isotopes, one containing 14C
tracer and the other 3H label, at known specific positions
and relative gquantity, constitutes an intermolecularly doubly

labelled substrate. The 3H activity relative to 14

C activity
in a doubly labelled subsérate is normally measured as a
ratio (3H/14C).
The doubly labelled substrate is administered to the
test orgaﬁism, and an appropriate "feeding” time is allowed
to elapse. The product is isolated from the organism, rigorously
purified, degraded if necessary, and the relative activities

of the two radioactive tracers measured. Any change in the

3H/MC ratio usually implies cleavage of the C-H bond if the
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substrate is labelled at the same relative position.
"Much more versatility can be obtained if stable iso-

13C_l3C 15N~13C or

’

topes are used. Substrates containing

2, 13

C as double labels have been employed with great success
in experiments investigating biosynthetic sequences. One
important criterion is that the substrate must be intramole-
cularly labelled to be an effective probe. Nuclear magnetic
resonance analysis of the isolated product will demonstrate
whether the substrate has been incorporated into the product

as an intact unit (l3C—l3C, lsN—13C _13

, 2H C coupling) or as
a compound produced by the cleavage of the bond between the
labelled atéms of the administered substrate. This technique
has been restricted to biological systems, producing compounds
for which optimum yield conditions have been previéusly esta-
blished. Large quantities of the isolated products are
generally required for recording satisfactory NMR spectra since
fensitivity of detection of these tracers by magnetic resonance
tcchniques'is relatively poorer as compared to that-of radio-
lsotopes. |

Trapping and isotope competition methods have been
used primarily with radioisotopic tracers to detect possible
intermediates on route to a target compound. Both techniques
are similar in execution and require little or no dégradation
of the isolated products.

Consider a compound B, suspected of being an inter-

mediate on route to compound C. Prior testing of the pathway
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ensures that activity from compound A is non-randomly incor-
porated into product C. “Activity from A must have passed
through every intermediate 6n route to product. The trapping
experiment entails the administration of radicactively labelled
A and non-labelled B. After a sufficient incubation period,
compound B and product C are isolated from the test organism

and rigorously éurified. If compound B were on route to C

from A, then tracer from A would be found in compound B, whereas
compound C would contain little if any, tracer. Compound B/
may then be regafded as an intermediate. \

In isotopic competition experiments, the methodology
is the same as in the trapping experiment, except that com-
pound B, in this case, is not isolated. Only the target
compound (compound C) is isolated and assayéd for label.

If the presence of non-labelled compound B reduces the effi-
ciency of incorporation of tracer derived from compound A
into C, as compared to that in the absence of compound B,
then B may .be regarded as an intermediate on route to com-
pound C.

. Clearly, these two methods are of limited usefulness
unless they are conducted with the appropriate incofporation
étudies,to be used as standards for comparison. Only then
can these techniques provide useful information about a bio-
syrhetic pathway.

Double labelling and isotope competition techniques
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are included in the tracer studies employed to investigate the
biosynthesis of pyridoxol. The results from these and other

experiments will be discussed in the following chapters.

. -
1.2.3 The Use of Enzymes

The precursors and intermediates of a product generated
in vivo, can be identified with considerable confidence by
employing mutant and tracer methodology to inVestigate‘the
biosynthetic sequence of the product. This, however, is only
a partial solution for the elucidation of a metabolic pathway.
What remains to be established are all the parameters involved
with each enzymic step (cofactors, specificity, kinetics,
chemical mechanism) which effect the transformation of each
intermediate on route to the product in a given organism. In-
formation provided by enzymic studies may be regarded as
conclusive proof thatzsuch a metabolic pathway exists in a
particular organism.

Before the widespread use of tracer techniques, bio-
synthetic investigations relied solely on enzymological studies.
Earlier investigations, which used crude enzyme preparations
from mammalian tissues or microorganisms, were concerned with
the origin and fate of pr}mary metaboiites. As a conséquence,
many of.the eﬂzymes which catalyze the transformation of com-
pounds which lie on central metabolic routes, have been iso-
lated ana well-characterized.lhFurthermore, these studies

have established the enzymological techniques which together
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with traﬁer methodology have enhanc elucidation of
chemical mechanisms and kinetics of these transformations.
Enzymes associated with secondary metabolism, however,
are not as well understood. Experimental progress is limited
to‘fhose pathways whose intermediates have been recognized
and whose enzymes have been isolated.
In vitamin BG biosynthesis, the enzymes associated
with the interconvertibility of the various forms of the vitamin

32 and have been

have been isolated from several sources
studied. This, however, yields no information about the
enzymic steps leading to the first cyclic intermediate on
route to the vitamin. In the early stages of the biosynthesis,
experimental progress is at the stage of discoverigg precursor-
product relationships and hence nothing is known of the enzymic
processeé. Mutant studies implicate a number of enzymes
thought to be involved.

Only mutant and tracer methodolody has been used to
acquire information regarding the early stages of vitamin B
biosynthesis. Recent studies employing thesé techniques will
beebriefiy reviewed and the hypotheses for the biosynthesis

of pyridoxol which have been advanced on the basis of these

investigations, will be presented.
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1.3 Knowledge Concerning the Biosynthesis of Vitamin B

6
Obtained from Enzymic, Mutant and Tracer Methods

Radioactiveftracérs\and microbial mutants have been
used to investigate the early stages of vitamin B6 biosynthesis.
Enzymic investigations have been confined to the terminal
stages of the biosyn£hesis and have confirmed that various
forms of the vitamin are interconvertible, thereby associating

the vitamin with a metabolic function.

1.3.1 The terminal stages of the pathway

éyridoxal- and pyridoxaminpjs'-phosphate (5 & 6)
(Fig. 1) are regarded as the biologically active forms of
vitamin BG' Pyridoxol (1) was postulated as the precursor
of these compounds. Acceptance of this notion stemmed from

Dempsey's earlier mutant studies.

Cell extracgts of E. coli (wild type) were able to
phosphorylate pyridoxol to pyridoxol-5'-phosphate (4) and
to'oxidize the latter to pyridoxal-5'-phosphate (5). A pyri-
doxineless mutant, WG2, was found to grow when the medium
was supplemented with pyridoxal or pyridoxamine, but not
pyridoxol. Mutant WG2, when deprived of pyridoxal (2) or
pyridoxamine (3), synthesizes pyridoxol (l) and pyridoxol-
5'-phosgyate (4) at four to six times the rate of the wild

type and excretes the newly formed compoun&s into the culture .

fluid. Thus, it appeared that mutant WG2 was unable to oxidize
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pyridoxol (1) or its 5'-phosphate (4) to p¥§iﬁoxal (2) or
pyridoxal-5'-phosphate (5), respectively.4l'53

Agssaying and comparing the cell extract of the wild
type organism and that of mutant WG2 for the enzymes which
catalyze these conversions, it was demonstrgted that mutant

41,53 On this basis,

WG2 lacked pyridoxol oxidase activity.
Dempsey proposed a partial reaction sequence for the terminal

stages of vitamin B, biosynthesis (Scheme 1).

6
This sequence places pyridoxal-5'-phosphate (4) as the
end-product of the pathway. It is uncertain whether
pyridoxol (1) or pyridoxol-5'~-phogsphate (4) is the immediate
precursor for pyridoxal-5'-phosphate (5), however.
Several pyridine derivatives which are closely related
to pyridoxol have been propoéed as intermediates oﬁ route to
pyridoxal-5'~phosphate (5) (Fig. 3).
The idea that the vitamin antagonist, 4'-deoxypyridoxine
(7), could be converted to pyridoxal-5'-phosphate (5) has
been advanced on the basis of the observations froﬁ two in-
dependent investigations. Pyridoxineless mutants of E. coli
K12 app:fently can grow in the presence of the growth inhibitor,66
under certain conditions, i.e;; when pyridoxal concentration

50

in the cell is limited. Lingens' studies demonstrated that

Bacillius subtilis could phosphorylate 4'-deoxypyridoxine (7)

to 4'-deoxypyridoxine-5'-phosphate. The.oxidation of the 4'-

methyl moiety could not be demonstrated in this organism, however.67

—
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Figure 3:

Postulated Cyclic Precursors for the Terminal

Stages of Vitamin B_. Biosynthesis.

6
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The compound, 3~hydroxy-2,4,5-trihydrbxymethylpyridine

(9) has been shown to satisfy the vitamin Be requirement of

68

Saccharomyces carlsbergernsis and has been postulated as an

intermediate formed in Saccharomyces fragilis.69 Scott et al.
|

demonstrated that the vitamin depeﬁdent yeast Kioechera
apiculata cbuld grow when the pyridoxal supplement was replaced
with 3—hydroxy~2,d:S-trihydroxymethy1pyridine (9).70 These
observations méy not necessarily reflect the course of vitamin
B¢ biosynthesis since an ethyl moiety may replace the
methyl group at C-2 of pyridoxof and this ahalogue still acts
as a cofactor.71 Interestingly, none of the five hundred
pyridoxineless mutants of E. coli CR63 could grow when 3-
hydroxy-2,4,5-trihydroxymethylpyridine (9) was added as a
supplement to pyridoxal deprived cultures.>?
Nicotinic acid (8) was recently noted to promote the

growth of a pyridoxineless yeast mutant of Aspergillus nidulans.2+73

In vitro studies with cell extracts of this yeast show that
%t produces pyridoxol when nicotinic acid is added alone or
with three—éarbon compounds related with glycolytic inter-
mediatesl On the basis of the nutritional and in vitro
sgpdies, a péssible sequence of events is proposed by Vatsala

et al. (Fig. 4). In angther yeast, Saccharomyces fragilis,

nicotinic acid 18) was<;uled out as a possible precursor for

pyridoxol.69 }‘\
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Of the acyclic compounds examined with nicotinic acid

(8) in Aspergillus nidulans, the glycolytic intermediates

(dihydroxyacetone phosphate, phosphoglyceric acid, phosphoenol-
pyruvate and pyruvate) were shown to have a stimulatory effect
on in vitro pyridoxol productionr These compounds are involved
in the early stages of vitamin B, biosynthesis and will be

discussed in the following section. ~ -

1.3.2 The Early stages of the Pathway

The objective of investigations employing tracers and
mutant methodolagy is to idenfify compounds which serve as
precursors or intermediates leading to pyridoxol (or pyri-
doxol-5'-phosphate). Studies with pyridoxineless mutants
single out compounds which are able to satisfy the pyridoxal
requirement of thesé mutants and hence are suspected as com-
pounds on route to the vitamin., By analysis of the fate of
these and reiated substances in an organism by tracer methodo-
logy, the non-random entry of labelled substrate into pyridoxol
may be detected provided suitable degradation methods are
employed. The substrate may then be considered as a precursor
for the vitamin.

Several earlie% réports in the literature yielded
doubtful conciusions concerning the role of substances tested
because either the isbla;ed pyridoxol was not sufficientiy
purified74 or suitgble,degradation methods were not employed.

Such inconclusive reports will not be discussed in detail in
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this section.

Precursors and Hypotheses Proposed for Vitamin Be Biosynthesis

Based on Mutant and Tracer Studies

The most plausible sequence advanced to-date for the
biosynthesis of pyridoxol-5'-phosphate stems from the
thorough work of Hill, Spenser and associates.75—79 It is
considered that phosphorylated pyridoxol is derived from
glycolytic intermediates: Dpihydroxyacetone-l-phosphate,
D-glyceraldehyde~3-phosphate and an unidentified two-carbon
unit suspected to be at the oxidation level of acetaldehyde
(Scheme 2). sSpecifically labelled glycerol, pyruvate and
glucose have been.shown to be non-randomly incorporated into
pyridoxol, and pyridéxol-S'-phosphate in E. coli WG2. Pyridoxol-
5'—phosphate'was converted to pyridoxol prior to degradation.

By chemical degradation of [14C]—labelled samples
and by a L3¢ nmR study of a [13C]-labelled sample of pyri-
doxol79 derived from glycerol, it was shgwn that the entire
carbon skeleton may be derived from the primary and secondary
carbons of glycerol. It was shown that C-2 of glycerol yields
C-2, C-4, C-5 of the vitamin and each of these three sites
contained 33% of the total label of the intact pyridoxol
\sample. It was also shown that C-1l, C-3 of glycerol yields
c-2', C-3, C-4', C-5', and C-6. Each of these five sites

accounted for 20% of the total pyridoxol activity. Radioactive
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pyridoxol derived from [l—{ﬁp]— and [2-14C]glycerol in
-

Flavobacterium was reported to contain labelling patterns
81

consistent with that observed by Hill and Spenser. How-

ever, another investigation claims that pyridoxol is derived

74,82,83

from both glycerol and y-aminobutyric acid by

Achromobacter cycloclastes (Fig. 5).

AN
Hill and enser demonstratéd that samples of pyridoxol

vate contained label
76,77

derived from [2-—l cl- and [3-1
only at C-2 and C-2' of the vitamin, respectively. The
carboxyl moiety was not incorporated into pyridoxol. hence,

it was concluded that pyruvate was the precursor of the two-
carbon unit, thought to be at the oxidation level of acet-
aldehyde, which yields C-2,-2' of pyridoxol. Schroer and
Frieden69 demonstrated that in S. fragilis, unlabelled pyruvate
could not spare the incorporation of [G—14C]glucose, hence

they concluded that pyruvate was not essential for vitamin

B, biosynthesis in this yeast. However, they fail to comment

6

on the observation that L-alanine, which is‘relaped to pyruvate

by transamination, demonstrated an 18% réduction of incorpora-

tion of label derived from glucose (Table IT in Ref. 69).
Possibly alanine and not pyruvate is transported into

the yeast célls under those culturing conditions. This can

be demonstrated if the respective labelled substrates are

used. By chemical degradation, specific incorporation of

tracer derived from labelled alanine or labelled pyruvate
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may be shown. However, if the isolated pyridoxol contains no
radioactivity, thgn either labelled pyruvate or alanine,

or any other cellular constituent must be isolated to demon-
stfate that the administered labelled substrate was trans-
ported into the cell and utilized in another manner than to
synthésize pyridoxol. Then, these substrates may be excluded\“
as a precursor for biosynthesis of the vitamin.

From mutant studies, Dempsey has shown that a pyri-
doxineless mutant of E. coli (pdxK) will grow to one-half
normal cell density when the culture is supplemented with ala-
nine, pyruvate or cysteine, 39 In pyridoxal-starved cultures
of E. coli K12 mutant BL-l, the presence of L, D orx B—alanine
did not change thé amount of pyridoxol excreted into the
medium from that which was excreted in the absence of added
compound.84 The presence of pyruvate caused approximately a
fofty per cent reduction of excreted pyridoxol.

The condensation of the two triose units, postulated
by Hill and Spenser, can be envisaged to occur in either of
two ways (Fig. ¢). Dihydroxyacetone-l-phosphate(6)could
give rise to C-4',-4,-3 (Fig. 6A), or to C-5',-5,-6 of pyrido-
xol (Fig. 6B) while g-glyceraldehyde-3-phosphate would yield
c-5',-5,-6 or C-3,-4,-4', respectively. Carbons 1, 2 and 3
of glucose yield C~1,-2,-3 of dihydroxyacetone phosphate,
respectively, by aldolase cleavage (Scheme 3). fThus, C-1
labelled glucose will preferéntially~place label at C-1 of

dihydroxyacetone~l-phosphate.
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Tracer derived from [1-14C]~'and [6—14C]glucose was
shown by Hill and Spensér to label the same carbon atoms of
pyridoxol (C-2', C-4', C—S').7§ However, the quantitative
distribution of label within pyridgxol was different in the
two cases (Fig. (7)). On this basis, it was considered that
dihydroxyacétone—l-phosphatg gives .rise to C-3, C-4, C-4' and
D~glyceraldehyde-3-phosphate yields C-5', C-5, C-6 of pyri-
doxol (Fig. 65). The quantity of label at C-2' suggested that
the C2 unit of the vitamin is derived from dihydroxyacetone-
l-phosphate rather than from pyruvate by way of D-glyceralde-
hyde~3-phosphate. This was not consistent with the earlier
experimental observdtioﬁs that a pyruvate-derived unit wogld
serve as the C2 donor. Thus, a second route, directly from
hexose, was proposed as a second source of the two-carbon
unit. It was postulated that the two routes would converge
in an interconvertible metabolic pool from which the two-carbon
unit required for pyridoxol biosynthesis is dexived (Scheme 4).
Glycolaldehyde, derived from C-1l,-2 of hexoses agd pentoses,
was considered to be involved and was predicted to give rise
to C~-2,-2"',

Glycolaldehyde had been implicated with the biosyn-
thesis of vitamin 86 as a result of earlier mutant studies.as'86
It was not until Demps{y isolateé a pyridoxineless mutant of

E. coli, WG3 (pdxB), in which the pyridoxal supplement coﬁld

be satisfied by glycolaldehy&e, that it was considered by
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67,69,84,87

many investigators as an obligatory inter-

mediate in pyridoxol biosynthesis. Nutritional studies -
demonstrated that the presence of glycolaldehyde increased
pyridoxol production.84 However, Liﬂgens found that glycol-
aldehyde had no effect on vitamin B6 biosynthesis in Bacillius
subtilis.67 Interestingly, of all the pyridoxineless mutants
of yeast and bacteria isolated to-date, no other has been
found which can grow when glycolaldehyde is added to the
culture madiun.

From tracer investigations, Schroer and Frieden found
that the presence of unlabelled glycolaldehyde spared the
incorporation of tracer derived from [G—14C]glucose into
pyridoxol in S. fragilis.69 Incorporation of activity derived
from [2~14C]— and [l,2-l4c]glycolaldehyde into pyridox0187 has
been demonstrated and activity has been found to be confiﬁed

80

to C-5' and C-5,-5", respectively. Contrary to the predic-

tion of Hill et al., less than 3% of the incorporated activity

was found at C-2,-2'. .
o~ N

Glycolaldehyde is‘normally derived from C-1,-2 of
hexoses and pentoses by transketolase reaction. None of the

péntoses tested could satisfy the pyridoxal requirement of

78

several pyridéxineless mutants of E. coli B. Q;Xylulose

was found to have no significant effect on pyridoxol produc-

tion of E. coli K12 mutant BL-1, 84

Pyridoxineless mutants of E. coli (serC)39'88’§9

i
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%hich lack 3-phosphoserine:2-ketoglutarate transaminase are
unable to synthesize serine or pyridoxol. Both serine and
pyridoxol are required for the growﬁh of these mutants. This
prompted Dempsey to propose that serine is required for pyri-
doxol biosynthesis. However, two other muta;ts whiéh also
are unable to synthesize serine can synthesize pyridoxol,
during serine starvation, at normal rates or at greater rates
than the wild type. On this basis, serxrine is not a precursor.
Yet serine, alone or together with glycolaldehyde, stimulated :r
pyridoxol ptoduction when added toﬂcultures of pyridoxinelé:E
mutants of E. coli K12, pL-1, 84
Tracer from [3—14C]serine has been shown to be incor-

69,77,90

porated into pyridoxol. Hill et al. found most of

the activity at C-2,-2' of,pyridoxol and rationalized the

entry of serine via pyruvate. In contrast, Schroer et 3£L69
found that label was randomly incorporated and that the pre-
sence of unlabelled serine does not spare the incorporation

of label derived from [G—l

4C]glucose into pyridoxol produced
" by §; fragilis. These observations furéher suggest that serine
itself is not an obligatory intermediate, but is converted
to one.

3-Phos§hoserine:2—ketoglutarate transaminase has re-
cently been shown to convert small amounts of serine to 3-

hydroxypyruvate.89 ‘SerC mutants will synthesize normal

amounts of pyridoxol when 3-hydroxypyruvate is added to a
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culture deprived of serine and pyridoxol. They will grow
normally when serine and 3-hydroxypyruvate are both present.
Based on these and other observations from genetic studies,89
Dempsey considers 3-hydroxypyruvate as a likely candidate to
be an intermediate in the biosynthesis of pyridoxol.

Thiamin and 2-ketoglutarate have been linked to
pyridoxol biosynthesis. Mutants which are unable to syn-
thesize the'se compounds cannot synthesize pyridoxol. Whereas
these compounds are not considered as intermediates on route
to the vitamin, the enzymes with which they are associated
are inferred to catalyse reactions which convert precursors
to pyridoxol.39’51 2-Ketoglutarate (glutamate) serves as co-
factor for 3~phosphoserine:2-ketoglutarate transaminase, an
enzyme which appears to be essential for pyridoxol Biosynthesis
(vide supra). The lack of 2-ketoglutarate in citrate syn-
thaseless mutants may explain the lack of pyridoxol synthesis.
Less is known about the deficient enzyme in the thiaminless
mutants but since thiamin is known to be a cofactor in the
enzymic mobilization of activated twyo-carbon units, it is
assumed that such a reaction is required for pyridoxol bio-
synthesis.39’51

Several labelled substrates tested demonstrated no.incor-

69,77,90 .

poration into pyridoxol; others yielded pyridoxol in

low radiochemical yieid or randomly labelled.Gg'77 Activity

from [2-;fC]acetate and [3-14C]aspartate was shown to enter

pyridoxol.69’77'90
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Radioactive pyridoxol from [2~14C]acetate was isolated

.77,90 69

from E. coli in poor radiochemical yieldf

and §. fragilis
Sixty percent of the activity which entered pyridoxol was

77

7
located at C=2,-2'. Similarly, 60% of the activity from

71 The

[3—14C]a§partate was also found to reside at C-2,-2"'.
remaining 40% of activity is assumed to be randomly distributed
over -the other carbons of pyridoxol, in both casés. This

mode of incorporation of activity was rationalized by the entry
of labelled glycolytic intermediates formed by the reversal

77 This distribution still awaits experimental

of glycolysis.
confirmation. Schroer et al. found that aspartic acid par-
tially spared the incorporation of [G—14C]g1ucose into pyri-
doxol in S. fragilis. Partial degradation of pyridoxoi

derived from [lti4c]- and [3-14C]aspartate indicated that
activity was randomly diégributed.since 25% of the incorporated

Pahel was located at C~2:-2'.69 This observ§tion supports

Hill's rationale (entry of label by the reversal of glycolysis)

s

since an 84 hour incubation period of the yeast culture (com-

pared to 6 hours incgba£ion for E. coli) is sufficient time

. to permit total équilibration of label via the Krebs' cycle.

1
The conclusion from mutant and tracer investigations
is that more precursors<have been proposéd for pyridogﬁi-u/

5'-phosphate than can be ‘arranged in a single biosynthetic

sequence. This is‘probably due to the interconéert;bility

of these precursors which lie on central pathways of metabolism,
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The glycolytic intermediates derivable from glycerol and glu-
cose have been established as'precursors for the building
blocks of the carbon skeleton of pyridoxol as proposed by
Hill and Spenser. However, several inconsistencies remain

to be explained; the isolation of any acyclic intermediate
solely committed to the pathway is yet to be achieved.

The fo}lowing experimental facts remain to be accom-
modated by a hypothetical sequence for pyridoxol biosynthesis:
1) Glycolaldehyde is incorporated specifically into C-5,-5'
of pyridoxal. 2) Labelled glucose yields specifically
labelled pyfidoxol. 3) The pyruvate derived two-carbon unit
appears to be more closely related to dihydroxyacetone-1l-
phosphate than to D-glyceraldehyde-3-phosphate. Furthermore,

4) the status of 3-hydroxypyruvate, 5) the function of thiamiﬂ,
6) the function of 2-ketoglutarate; and 7) the status of :
4'—deoxypyr}doxine in the biosynthesis of vitamin 86 remain

to be clarified.

The objective of this thesis is to provide experimental
evidence which may be interpretéd.in accordance with the
existing hypotheses and to nar;ow the range of possible pre-

cursors so as to facilitate their identification upon iso-

lation.
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CHAPTER II
EXPERIMENTAL

2.1 INTRODUCTION

The pyridoxineless mutants of Escherichia coli B
41,51

used in this study have been described by Dempsey. E. coli

B, mutant WG2, conpains a genetic lesion in the ultimate or
penultimate step in pyridoxal-5‘'-phosphate biosynthesis and
lacks pyridoxol oxidase activity. This mutant can synthesize
pfridoxol, but is unable to grow unless pyridoxal or pyridox-
amine is added to the culture medium. When the cells are de-
prived of the pyridoxal 6r pyridoxamine supplement, growth
ceases. However, pyridoxol synthesis continues, at four to
six times the rate as that of the wild type, for approximately
three Lours before the culture dies. Dufing this time, pyridoxol
and pyridoxol-5'-phosphate are excreted into the culture medium
because the cells are unable to convert these compounds to
pyridoxal or its 5'~-phosphate ester.

E. coli B, mutant WG3, is a pyridoxineless mutant in
which the pyridoxal requirement is satisfied by pyridoxol,
pyridoxamine and glycolaldehyde.51 This mutant, when grown
in a culture medium supplemented with glycolaldehyde and
deprived of pyridoxal, will biosynthesize pyridoxal-5'-phos-
phate, but will not excrete appreciabie quantities of the

vitamin intoe the culture medium.

- 41 -
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Radioactive tracers were administered to cultures of
mutant WG2 and WG3 at the onset of pyridoxal deprivation.
Incubation of these cells was carried out for about six hours.

Radioactive pyridoxol-5'-phosphate released into the
medium by mutant WG2 was hydrolysed to pyridoxol.77 Unlabelled
pyridoxol hydrochloride was then added to the hydrolysate, as
carrier, to facilitate the isolation. The mixture of pyridoxol
synthesized by mutant WG2 and pyridoxol "carrier" was reisolated
by several chromatographic techniques.

To isolate pyridoxal-5'-phosphate biosynthesized by
mutant WG3,90 it was necessary to lyse the cells. Pyridoxal-
5'-phosphate was reduced to pyridoxol-5'-phosphate with sodium
borohydride. Hydrolysis of the 5'-phosphate éster and isola-
tion of pyridoxol hydrochloride is acéomplished in the same
manner as that for mutant WG2.

Purification of pyridoxol hydrochloride was accomplisﬂed
by several crystallizations uptil constant specific activity
of each recrystallized batch was achieved. Purification by
h}gh vacuum sublimation and further dilution with recrystal-
lized pyridoxol hydrochloride prepared each sample for degra-
dation and radioactive assay. .

The chemical degradation of pyridoxol hydrochloride by
the sequence leading to the isolation 6f sodium acetate (ll) as
N-acetyl-a-naphthylamine(12) permitted the assay of radio-
activity at carbons 2 plus 2' of pyridoxol. A portion of the

sodium acetate was further degraded by the Schmidt reaction
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to methylamine hydrochloride (13) representing carbon 2' of
pyridoxol, and was isolated as 1-methyl~3-phen§lthiourea(15)
or N-methyXphthalimide (14). The C, fragment C-5',-5 was

isolated as N-phthaloylglycine (21). Carbon 5' of pyridoxol

was recovered as benzoic acid (18).

2.2 MATERIALS AND METHODS EMPLQYED IN THIS STUDY

2.2.1 Microorganisms

Two pyridoxine auxotrophs of Escherichia coli B,

mutants WG2 and WG3, isolated by W.B. Dempsey,“"Sl were used.

The pyridoxal requirement of the latter mutant is satisfied
by glycolaldehyde.

The culturing conditions for the two mutahts were
as follows: A minimal medium composed of a carbon ‘source
(either glycerol or glucose) and inorganic salts (KHZP04;
KZHPO4; (NH4)2802; MgSO4; CaClz) prepared according to the

91

published procedure of Rickenberg et al. The growth of

E. coli B mutant WG3 can be maintained only if the minimal
medium, containing 0.2% glycerol“’Sl

is supplemented with pyridoxal, pyridoxol or glycolaldehyde.

For growth, mutant WG2 requires that the minimal medium, con-

taining the same general carbon sources, is supplemented
with pyridoxal.
In some of the tracer experiments, the carbon source

concentration was varied as described in Tables (2) and (6).

. In experiments using mutant WG3 (Experiments 1 and3 ), the

same salts medium was used, the carbon source concentration

as a general carbon source,

- ———
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was maintained at 0.2% (2 g/l) of glycerol, and the glycol-
aldehyde concentration (required for the growth of mutant
WG3) varied from 0.45 mmol/l (Experiment 187) to 1 mmol/l
(Experiment 3). The pyridoxal supplemené was omitted. The
minimal media used for culturing mutant WG2 for all the tracer
experiments contained the same salts. The glycerol concentra-
tion was reduced to 0.1% (1 g/l1l) in all but two experiments in
which the glycerol concentration was maintained at 0.2%
(2 g/1) (Experiment 8) in one case and reduced to 0.05% (0.46 g/1)
(Experiment 5) in the other. .The pyridoxal supplement was omitted.
In the isotope competition experiments (Experiments 4, 11, 12 and
13) the unlabelled substrates were added to the culture medium
in concentrations equal to that of glycerol (10 mmol/l). 1In
one competition experiment (Experiment 6), the glycolaldehyde
concentration was 0.075 g/1, whereas the glycerol concentra-
tion was maintained at 1 g/l.

Mutant stocks, maintained on slants, were reisolated
by replica plating and by growth of single colonies before each
tracer experiment. The minimal medium supplemented with pyri-
doxol or pyridoxal was inoculated with freshly isolated cells
and the culture was incubated on a rotary shaker (37°C at '
200 RPM) for 6 hours. The optical density of the culture was
monitored at 620 nm (Pye-Unicam UV/Visible spectrophotometer
Model SP 1890) to determine the exponential phase of growth.

The cells were harvested by centrifugation for 10 minutes at
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8,000 g and washed with sterile distilled water (3 x 100 ml).
The cells were reéuspended in four 500 ml quantities
of minimal salts medium containing glycerol (1 g/l for mutant
WG2) or glycerol (1 g/1) plus glycolaldehyde (0.060 g/l for
mutant WG3) in 2 litre Erlenmeyer flasks. The solution con-
taining the radioactive tracer was administered equally to each
of the culture flasks, which were then incubated for six hours
on a rotary shaker (37°C at 200 RPM ). The medium was cen-
trifuged for 10 min at 8,000 g and the supernatant was decanted

and stored at 4°C.

2,2.2 Labelled Compounds

The radioactively labelled compounds used in the tracer
experiments are listed in Table (l1). °~ In eight of these experi-
ments, [2-14C]glycerol was used either as the only labelled
substrate in the presence of unlabelled compounds such as gly-
colaldehyde (Experiments 3 and 4), sodium pyruvate (Experi-
ment 11), sodium acetate (Experiment 12) and lithium 3-hydroxy-
pyruvate (Experiment 13), or together with [2-14C]glycolaldehyde
(Experiments 5 and 6) or together with [1-3H]glycerol (Experi-
ment 14). In the remaining experiments, samples of [2-14C]—
glycolaldehyde (Experiments l,87 2 and‘i), [2-3H]glycolaldehyde

(Experiment 7), [2-14C]pyruvaldehyde (Experiment 8), [1-14C]-

acetate (Experiment 9) and [l~l4c]ribose (Experiment 10) were

used as tracers.,
Labelled samples obtained from commercial suppliers

(New England'Nuclear Corp. and Radiochemical Center) in sterile
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solution were added to the culture medium, without further steri-
lization, by means of a sterile disposable syringe. Other
labelled substrates were dissolved in distilled water (10 ml)

and were sterilized by filtration through a millipore (0.2 u)
filtering apparatus. The filtrate was then added to the cul-

ture medium.

Synthesis of Labelled Compounds

[2—14C]Glycola1dehyde and [2-3H]glycolaldehyde were
prepared from commercial samples of Qg}[3-14c]serine (New
England Nuclear) and gg—[3—3ﬂ]serine (Radiochemical Center),
respectively, By the adaptation of a published procedure.87'92
The preparation of [2—14C]pyruvaldehyde from a commercial
sample of [2—14C]acetone (New England Nuclear) was carried

out by a modification of published procedures.93’94

1
[2-“4C]Glycolaldehyde: gg—[3-l4C]Serine (100 uCi) was

added to a solution of (+)-serine (70 mg) in a little water.
The mixture was evaporated and the residue was recrystallized
from an ethanol/water mixture (4:1 v/v). The product (70 mg)
was dried and red%fsolved in water (10 ml). Phosphoric acid
(0.05 ml, 85% w/w) was added to the stirred solution, followed
by ninhydrin (238 mg) and the mixture was heated at 60° ﬁhtil
colourle;s (v 2 hrs). After.cooling, the suspension was fil-
tered through a bed of celite. A mixture (l:1) of Dowex 1

(OH~ form, 100-200 mesh, 5 ml) and Dowex 50 (H' form, 100-200
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mesh, 5 ml) was added to the filtrate and the mixture was
stirred for 30 min and then filtered. A sample of the filtrate
was chromatographed on two TLC systems (methanol:pyridine:water
(20:1:5 v/v) on silica gel, glycolaldehyde: Rﬁu9.66, serine
Re 0.16; and ether:ethanol (95:5‘v/v), on silica gel, glycol-
aldehyde: R. 0.76, serine Ry 0.28) and was found to contain
a single radioactive zone corresponding in Rf to glycolaldehyde
(Packard Radiochromatogram scanner, model 7201).

The filtrate, céntaining [2-lgc]glycolaldehyde, was
filter-sterilized before addition to the culture medium.

All the samples of [2-14C]glycolaldehyde used in the
tracer experiments were'prepared in an analqogous manner.

(\
P

[2-3H]G;ycolaldehyde: [2-3H]dlycolaldehyde was pre-~

pared similarly, from gg—[3-3ﬂ]serine (1 mCi) and (+)-serine

(140 mg).

[2-3H,2-14C]Glycolaldehmde: [2~3H,2-14C]Glycolaldehyde

was prepared by mixing samples of [2—3H]glycolaldehyde and
[2-1%cIglycolaldenyde (3u/Yic ratio 11.8 + 0.1). a small

14C) was added

sample of the mixture (approximateli 5 ug} of
to a solution containing glycolaldehyde (20 mg) in aqueous
ethanol (50% v/v, 5 ml). Dimedone. (95 mg) was added and the
mixture was heated 30 min on a steam bath. The dimedone deri-

vative of glyéolaldehyde was filtered off, washed with cold

water (20 ml), dried aﬁd recrystallized from 95% ethanol.
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m.p. 229-231°C (literature92'95 m.p. 224-226°C, 3H/MC ratio

9.8 ¢ 0.1).

[2‘14C]Pyruvaldehyde: The preparation of [2—14C]~

pyruvaldehyde was carried out on a vacuum line apparatus equip-
ped with a three-port manifold, a McCloud gauge, and two liquid
nitrogen traps containing a solution (10 ml) of 2,4-dinitro-
phenylhydrazine dissolved in ethanol (Fig. 8).

The reaction vessel, equipped with a magnetic stirrer
and containing 0.5 g'(0.00S moles) of selenium dioxide dissolved
in p-dioxane (2.5 ml) and water (0.2 ml), was connected to the
first port of the manifold. A break-seal tube containing [é—l4c]-
acetone (1 mCi) was attached to the second pogt and a 10 ml
round bottom flask containing carrier acetone (250 mg) was con-
nected to the third port. All the vessels attached to the
manifold were frozen with liquid nitrogen and the apparatus
was evacuated to 0.025 mm of mercury. The stopcock to the
vacuum pump wa§ closed in preparation for the transfér of the
labelled acetone to the reaction vessel.

The ‘break-seal was broken and the tube was warmed to
room temperature to ensure the transfer. In a similar manner,
the carrier acetone was transferred from the third port to the
reaction §essel.

The stopcock to the reaction vessel was closed and the
reaction mixture was warmed to room temperature., A fine red
suspension of reduced selenium metal was evident after approxi-

4
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mately 30 min. The reaction mixture was left stirring at room
temperature overnight.

With the pump operating and the stopcock to the reac-
tion vessel closed, the stopcock to the liquid nitrogen traps
was opened. The stopcocks to ports two and three were also
opened at this time. The system, excluding the reaction ves-
sel, was allowed to reach atmospheric pressure which permitted
the replaéement of the vessels attached to ports two and three
with 10 ml round bottom flasks. The system was then evacuated
to 0,025 mm of mercury in preparation for distillation.

The product was obtained by distillation under vacuum
in the followiﬁg manner: The stopéock to the liquid nitrogen
traps and to the second port were clo§ed. The reaction vessel
an receiver on the third port were frozen with liquid
nitr:gen and after about 30 min the stopcock to the reaction
vessel was opened very slowly. The system was allowed to equi-
librate for about 10 min. The liquid nitrogen trap surrounding
the reaction vessel was replaced with a dry ice/acetone b;th
which commensed the distillation and was continued for 3 hrs.
During the distillation, the pressure in the system rose to
0.05 mm of mercury. The stopcocks to the reaction .vessel and
to the receiver flask, containing fraction I, were closed.

Similarly, fraction II (collected between -78°C and
0°C) and fraction III (O°-65°)-§ere collected.

Analysis of the three fractions collected was based on

a previous synthesis of [2-13C]pyruvaldehyde followed by 13¢
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analysis. Fraction I was shown to contain unreacted acetone.
Fraction III Eonta;ned watér, dioxane and an unidentified
selenium complex, in which red selenium precipitated from
solution within a few hours. Fraction II was found to con-
tain the bulk of the product, pyruvaldehyde, along with some
unreacted acetone, Fig. (9).

Fraction II was dissolved in distilled water (10 ml)
and a sample (3 x 10 ul) of this solution was counted to deter-
mine total activity and radiochemical yield. Another sample
of this solution was chroﬁatographed on a thin layer system
(ethyl acetate/benzene/acetic acid; 4:1:1: v/v on silica gel,
pyruvaldehyde, Re 0.13) and was found to contain a single
radioactive zone corresponding in Rf Fo freshly distilled
pyruvaldehyde (Packard Radiochromatogram Scanner Model 7201).

The solution containing [2-14C]pyruvaldehyde was im-
mediately filter séerilized and administered to the culture

medium.

3 1

4C]Glycerol was
3

[1-3m,2-14clciycerol: [1-3H,2-

prepared by mixing commercial samples of (1- H,2~l4C]glyceroi
(Radiochemical Center) andﬂ[z-lqc]glycerol‘(New England Nuclear)
and made up to volume (10 ml) with distilled water. Samples

(3 x 10 ul) were withdrawn from the solution for liquid scin-

tillation counting (*H/'%c ratio 19.8 + 0.02). A small

sample of the mixture ‘(approximately 5 uCi of 14C) was added
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to a solution contafning glycerol (500 mg) in distilled water
(1 ml). Sodium hydroxide solution (10% w/v, 10 mlg’was
added followed by benzoylchloride (2.5 ml) which was added
over 15 min. The reaction mixture was shaken vigorously after
each addition of the acid chloride. A white flocculant pre-
cipitate was isolated by centrifugation, washed repeatedly
with water and recrystallized three times from 95% ethanol.
Glycerol tribenzZoate had a melting point of 75-76°C. (Litera-
ture’® m.p. 76°, 3H/“C ratio 18.7 + 0.5.)

The solution containing the intermolecularly labelled

glycerol was filter-sterilized and administered to the culture

fluid in Experimént 14.

2.2.3 Isolation of Pyridoxol

Samples of radioactive pyridoxol were isolated from

the cultures of E. coli mutant WG2 by carrier dilution (30-40 mg)

77

as previously described. Radioactive pyridoxal from mutant

WG3 was obtained by carrier dilution and chemically reduced
with sodium borohydride to pyridoxol by a published method .0
The pyridoxol ﬁydrochloride samples were repeatedly
crystallized, from,methanol by the addition of anhydrous di-
ethyl ether, until constané specific activity was observed.
The product was finally purified by high vacuum sublimation

2

(2 x 100° mm at 120-130°C). The yield of the purified pyridoxol

hydrochloride (m.p. 205-206°C with decomposition) corresponded to

approximately 75 to 85% of the total weight of inactive carrier
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which had been added. The sublimed product was diluted further
by the addition of recrystallized inactive carrier and used for

chemical degradation.

2.2.4 Degradation of Radiocactive Pyridoxol to Locate the

Sites of Labelling

In each of the tracer experiments, the radioactive
sample of pyridoxol hydrochloride was degraded to determine
which sites contained radioactivity. The degradation sequences
leading to the isolation of individual carbons or carbon frag-
77,80

ments employed methods which were previously published

(Scheme §).

Kuhn-Roth Oxidation - Carbons 2 and 2' of Pyridoxol
97,%7.

as Sodium Acetate: Pyridoxol hydrochloride (1) (40 mg)

was dissolved in a solution of dilute sulfuric acid (10 ml,
10% v/v) containing chromium trioxide (2 g). The reaction
mixture was heated and slowly distilled while a stream of
nitrogen was bubbled through the solution. The volume in the
reaction vessel was maintained by the repeated addition of
water., The distillate (80 ml), containing,the acetic-acid,
was collected over 4 hoﬁrs. Neutralization with sodium hydr-
oxide (0.1 N) to p8‘7.5 facilitated the isolation of sodium
acetate after evaporation (90°C) of the solution. Yield was
16 mg.

77

Carbon Atoms 2 plus 2' as N-acetyl-a-naphthylamine (12):

A portion of the sodium acetaée, obtained by Kuhn-Roth oxidation
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of pygidoxol, was purified by conversion to N-acetyl-a-naphthyl-
amine. Crude sodium acetate (5 mg) was dissolved in a little
‘water. To this, a solution containing a slight molar excess

of l-naphthylamine hydrochloride (15 mg) dissolved in water

(1 ml) followed by lfethyl-B-(3—dimethylaminopropyl)carbo-
diimide (40 mg) was added. The product, N-acetyl~a-naphth§l-
amine, which precipitated from a stirred solution at room
temperature was filtered off, washed with water and recrystal-
lized from a benzene/cyclohexane (l:4) mixture. Final puri-

fication was effected by sublimation at 90° and 2 x 10”2 mm.

Carbon Atom 2' as 1l-Methyl-3-phenylthiourea (15) or

N--meth_ylphthalimide(l‘l):98 A portion of the sodium acetate

obtained in the Kuhn-Roth oxidation was further degraded to
methylamine hydrochloride by the Sch@idt reaction.77 For
purification and radioactive assay, the yethylamine hydro-
chloride was converted to l-methyl-3-phenylthiourea (15).or
to N-methylphthalimide (14).

l-Methyl-3-phenylthiourea (15): Methylamine hydro-
chloride (12 mg) was dissolved in a arop of water. Ethanol
(5 ml) was added, followed by phénylisothiocyanate (0.25 ml).
The mixture was stirred 10 min at 0°C; gsaturated aqueous
potassium bicarbonate (0.5 ml) was added, and the mixture
heated for 15 min. After cooling, water (15 ml) was added,
and the product was filteréa off, washed with yater*ané ether,

and dried in vacuo. 1l-Methyl-3-phenylthiourea was sublimed
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at 85-93°C and 10~2 mm of mercury. Yield was 6 mg. Melting

point 113-114°C (literature99 112-113°C), ;st m/e 166 (M+).
N-Methylphthalimide (14): Methylamine, trapped in a

dilute solution of hydrochloric acid (3 ml; 0.1 N) from the

77T was converted directly to the phthalimide

Schmidt reaction,
derivative. Carboethoxybhthalimide (L8 mg) dissolved in
ethanol (1l ml) was added to the acidic solution containing
methylamine. Solid sodium bicarbonate was carefully added

to the mixture until pH 8 was obtained. The solution appeared
slightly yellow. On cooling at 0°C, a white crystalline solid
was obtained. The crude product was filtered off, washed
with a little water and dried in vacuo. The melting point

of the crude product was 126-131°C. gublimation of the crude
solid (63-69°C at 3 x 10”2 mm) yielded N-methylphthalimide

100

(4 mg) m.p. 132-133°C (literature 134°),

Isolation of Carbon Atom 5' as benzoic acid (18)77

and Carbon Atoms S5 plus 5' as N-phthaloylglycine (21):80 Pyridoxol

AL

hydrochloride was converted to the 3,4'~-0-isopropylidene deri-~

vative by, the adaptation of a published procedure.77

A sample
of this compound was counted, after rigorous purification by
recrys£allization (95% ethanol) and sublimation (110-120°C at
2 x 107% mm Hg). It was essential that the measured molar
specific activity of this derivative be the same, within ex-

peré?ental error, as that of the parent compound, pyridoxol

hydrochloride. Otherwise, the parent compound had to be re-
'y
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crystallized and resublimed until the molar specific activities
of these two compounds were in agreement; only then was this
sample subjected to further degradation.

The degradation sequences' for the isolation of carbon
5' as benzoic acid (18) and carbon atoms 5 plus 5' as N;
phthaloylglycine (21) from 3,4'-0-isopropylidenepyridoxol
hydrochlé}ide (10) have been described elsewhere and are

supmarized in Scheme (5).

2,2.5 Determination of Radioactivity

Radioactivity was assayed by liquid scintillation4
eounting (Mark I liquid scintillation computer, model 6860,
Nuclear Chicago). Samples (0.5 mg to 2 mg) were dissolved
in an appropriate solvent (water, dioxane, dimethylformamide
1l to 3 drops) and dispersed in "Aquasol" (New England Nuclear)
(10 ml). Triplicate samples of each compound were counted
under comparable conditions of quenching. The efficiency
of counting was determined by comparison with an external

standard of 133Ba (approximately 80% for samples containing

14 14

either 3H or C; appféximately 50% for C and approximately

30% for 3H in samples céntaining both 3H and 14C). Correction
- ‘ .
for background radioactivity was applied for all samples.

Confidence limits shown in the tables are standard deviations

of the mean.

[
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CHAPTER III
BIOSYNTHESIS OF PYRIDOXAL

3.1 GLYCOLALDEHYDE AS A PRECURSOR OF PYRIDOXAL

3.1.1 Introduction

3.1.1.1 Origin and Metabolism of Glycolaldehyde

Glycolaldehyde, HOCHZ—CHO (22), Fig. 10, has been
known as a product of metabolism .since the turn of the 'cen-

tury. It was first isolated as a product of yeast fermenta-
1ol

/

other microorganisms growing on various pentoses.

and was shown to accumulate in the culture medium of
102,103

tion
An

early chemical investigation demonstrated that glycolaldehyde
could be formed by the aldolase cleavage of pentoses.104
In 1938, Dickens suggested that glycolaldehyde was

derived from g—ribose-s-phosphate.105

However, sgbsequent
experiments by Horecker et gg; and Racker et al., provided
evidence that glycolaldehyde ;s derivable from the ketoses,
D-xylulose-5-phosphate, Q-fructgse-ﬁ-phosphate and D-sedo-
heptulose—7-phoéphate, by the action of a transketolase
errzyme.los“109 Glycolaldehyde, derived by the transketo-
1as§ reaétion, has been demonstrated to.be complexed to
thiamin pyrophosphate ("active giycolaléehyde”) (27)

Scheme (6). The function of the transketolase enzyme is

to transfer a C, unit from a ketose donor to an acceptor

by way of this "active glycolaldehyde" intermedidte. "Active

- 61 -
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_ CH_ —OH
?Hz OH ot
(25) / R

CH OH
2
CHO

<22>\ HO  OH
3 EH—GH-CH,OH
| ‘ N —CH-~
HpC —OH HN A k:
GOOH k\ | .
(26) HoN N N

|
(23) H

Figure 10: Origin of Glycolaldehyde.
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_ R CH
cl;H2 OH P 3
C=0 HO—-C\Hz \ |
| TPP C S OH
HO-C—H | Lo
!
H-G—OH H-0>-C—H
CH,~0® H—C—OH
(28) B GH,0® _
) *1\040
R\® CHz :
N
H—C — OH
H"/(;)\t I‘I/\ _{J_ |
> NT OH CH,0®
HOCH, H - N
2 (27) >
0 H
N\

CI;. + TPP

CHz—0

- (22)

Scheme 6: Glycolaldehyde derived from D-~Xylulose-5-Phosphate

by‘Transketolase Catalysis.
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glycolaldehyde" or 2-(a,B8-dihydroxyethyl)thiamin pyrophosphate
(27) has been proposed as an intermediate in.agother enzymic
reaction, similar to that catalysed by transketolase, which
has been observed in pentose fermenting bacteria. In these
organisms, the phosphoketolase catalyses the formation of
acetylphosphate from ketosesll3_lls by a rearrangement of
"active glycolaldehyde"]:lG’117 "Active glycolaldehyde" from
both of these enzymic reaétions is derived from ¢, and C,

of hexulose or pentulose {(Fig. 10).

In agreement with Dickens' prediction, glycolaldehyde
can be derived from C-4 and C-5 of ribose-5-phosphate in an
indirect manner. During the elucidation of the biosynthesis
of the pterine Eompound of folic acid, it was demonstrated
that only Cl’ C2 and C3 of ribose were incorporated in::\\
d}18

folic aci and that the two-carbon compound produced

during the biosynthesis of the pterine moiety of folic acid

119

was glycolaldehyde. ‘The enzyme which catalyses the trans-

formation of 2-amino-4-hydroxy-6-(D-6-erythro-1',2',3'-tri-
hydroxypropyl)-7,8~dihydropterine (23) (commonly known as
neopterine) to 2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydro-
pterine (24) (Scheme (7)) has been purified.120
Glycolaldehydevcan originate from compounds other tﬁan
hexoses or pentoses (Figt 10). It is formed.by the enzYm;c

oxidation of ethanolamine (25),lZl

122-123 124

Fig. 10, in microorganisms,

plants and insects) In mammals, phosphorylated inter-
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0 OH OH
NH CH— CH—CH_OPPP
HN 2 52
| —_—
N\
H2N NH N
' 1| -0~a CH,0PPP H
5
4
2 3
HO OH X
0 OH OH

Ne . CH-CH- CH,OPPP

i 4§H4}10H

HN 2345

/L§§ l !

N

NH2 H
(23)

HN 2 CHéOH 8
Folic acid —a—— ——— CH "‘CH
4 ©

NH2
(24) ' - (22)
Scheme 7: Origin of Glycolaldehyde durxring Folic Acid

Biosynﬁhesis.
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mediates may be involved in the catabolism of phosphoethanol~
amine. Several enzymes which utilize these phosphorylated
intermediates have been isolated.l25,126 Oxidation of ethanol-
amine to glycolate and glyoxylate via glycolaldehyde was
thought to occur in rats and pigeons.127 This could not be
confirmed, however.l28
The metabolic fate/é% glycolaldehyde has been investi-

gated in mammals.lz7

Glycolaldehyde %s readily converted to
carbon dioxide, presumably via glycolate. Oxidation of gly-
colate to glyoxylate and oxalate is well established.l29

In the rat, glycolaldehyde is thought to be converted to gly-
cine, and to contribute to glycogen formation via the sequence
glycolaldehyde + glycine -+ serine + hydroxypyruvate -+ 3- |
phosphoglyceric acid + glucose. It is not appreciably con-

92

verted to acetate. The metabolism of glycolaldehyde in micro-

organisms has not been fully investigated.

3.1.1.2 Glycolaldehyde and Pyridoxal Biosynthesis

The first indication that glycolaldehyde was implicated

in the biosynthesis of vitamin B, was obtained by Morris and

85.86 They found that two E. coli B mutants, which ‘

Woods.
were auxotrophic for vitamin BG' could grow if the pyridoxal:
supplement was replaced'by either serine or by élycine, to-

gether wiéh glycolaldehyde,8° 86 i

It was Morri§'°work which prompted Dempsey51 to include

8 _
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glycolaldehyde among the compounds which he tested as nutri-
tional substitutes for pyridoxal, in pyridoxineless mﬁtants.
This led to the characterization of the Group I (pdxB,

pdxé, pdxD, Fig. 2) mutants in which the pyridoxal re-

quirement can be satisfied by pyridoxol, pyridoxamine or gly-
colaldehyde (E. coli B, WG3). Although not all mutants in
this group réSponded to glycolaldehyde in the same manner,
this observation strongly implicated glycolaldehyde or a
metabolite readily derived from it, in vitamin B biosynthesis.

-bnly two of the three closely linked phenotypes (pdxB,
pdxC, Fig. 2) in the Group I mutants responded ﬁo glycol-
aldehyde. This suggested that the metabolic block in pdxB
and pdxC mutants occurs earlier in the pathway than that of
the pdxD mutants.“'44 Accordingly, Démpsey proposed a
sequence which placed glycolaldehyde on route to vitamin Be
(Scheme 8). Y

The proposed association of glycolaldehyde with the
biosynthesis of vitamin BG,yas subsequentiy tested by Tani and
Dempsey by administering [l4cﬂglycola1dehyde to a Grou; I

87 The tracer experiments with labelled

mutant of E. gg;i WG3.
glycolaldehyde demonstrated that radioactivity from this éub-
strate was incérporated into pyridoxal. Chemical degradation
of these radioaﬁtive samples revealed that glycolaldéhydg
Serves aéia specific precursor for the c2 gnit, C-5' and C--S.80

On the basis of these observations, Tani suggested
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-
that glycolaldehyde was a compound necessary for the biosynthesis

of pyridoxal. Furthermore, the observation that the pyridoxal
requirement of mutané WG3 is satisfied by glycolaldeﬁ&Qs/ied
to the inference that glycolaldehyde responsive mutanéglare
lacking an enzyme required for glycolaldehyde biosynthesis.
When mutant WG3 was tested with glycolate as a nutritional
substitute for glycolaldehyde, no growth was observed. Tgni
proposed that the mutant was deficiegt in the enzyme, glycol-

aldehyde dehydrogenase.l30 Hence, it was suggested that gly-

" colaldehyde was formed by reduction of glycolate (26) by gly-

colaldehyde dehydrogenase (Fig. 10). .
Tani and cow&rkers conducted an extensive study to tést
this suggestion. They examined the wild-type organism for
other enzymes known to catalyse the formation of glycolaldehyde,
and compared the results with those obtained with mutant WG3.
Both orgahisﬁs exhib;yed what was thought to be ethanolamine
oxidase activity. However,.since eghanolamine formation by the
aécarboxylation of serine could not be demonstrated, it was
assumed that no ethanolamine was present in the organismg and
that the.obéerved.oxidase.activity was attributed to a non-
specific monoamine oxidase. The only significant difference
between the iwo strains whicﬁ was observed was in glycélaldehyde
dehydrogenage aptibity.l3l

Glycolaldehyde dehydrogenase was isolated from.the

. wild-type organism and partially purified. It was composed



70

of three isozymes. Glycolaldehyde dehydrogenase isolated from

nutant WG3, however, was found to possess only one of these

isc>zymes.l3l"134 The relationship of ‘this enzyme to vitamin

Bg biosynthesis is not yet certain.

In an independent investigation, Shimizu and Dempsey
conciuded from genetic studies, that glycolaldehyde dehydro-
genase had no relationship with the pdxB gene (pdx génes in
E. coli are coded for the enzymes associated with pyxidoxal
biosynthesisf. They observed that the pyridoxal requirement
of the other pdxB mutants (of whih WG3 is one) could rot be
satisfied even though glycolaldehyde dehydrogenase activity
was detected%35 From - -these observations, Dempsey concluded
that é secondary mutation must have occurred in mutant WG3 and"
that pyridoxal biosynthesis was not dependent on glycolaldehyde
dehydrogenase activity. JThe nature of the secondary mutation
is not yet known.39

The utilization of glycolaldehyde, in mutant WG3, for
the biosynthesis of pyridoxal remains to be explained. If
glycolaldehyde were a true intermediate on route to pyridoxal,
it would pe expected to be incorporated into the carbon skele-
ton of pyridoxol prodﬂcéd by mutant WG2, a mpp?nt whose meta-
bolic block occurs in the final stages of.pyridbxa} biosynthesis.

In mutant WG2, the eﬂt;re éarbonhskeleton'of pyridoxol
is derived from the 6arbon.atoms of giyqerol.75"77'79'8°
A tracer gxﬁé;ﬁment with [13c]glyéerol followed by 130 nur
'analysisf§¥ the isolated‘pyridoxol79 confirmed the results

-
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obtained from experiments with [14C]glycerol followed by chemical

77,80 These experiments pro-

degradation of the labelled product.
vide unequivocal evidence that five carbon atoms of pyridoxol
(CZ" C3, C4., CS" and C6) are derived from the primary car-
bons of élycerol whereas the remaining three carbon atoms of
pyridoxol (62, C4, and Cs) are derived from the secondary carbon
of glycerol. Tracer experiments with [1—14C]- and [6-14C]-
glucose77'78 provide further information regardiﬁé the mode of
incorporation of triose units into pyridoxol. On the basis of
these observa;ions, a hypothesis for the biosynthesgis of pyri-
doxol in E. coli B, which was consistent with the tracer evidence,
was advanced (Scheme (2)). |
The non-random incorporation gf [l4C]glycolaldehyde into
pyridoxal by mutant WG3: yielding labelled carbon atoms 5

and 5' could not be explained by the 6rigina1 hypdthesi;. In

mutant WG2, these sites are supplied by the carbon atoms-of -

‘glyéerol.

It was the objettive of this investigation to clarify
this apparent contradiction and to determine whether glycol-
aldehyae plays an obligatory role in the biosynthesis of

vitamin BG‘

3.1.2~ Results -

The mutants of Escherichia coli, WG2 and WG3, used in

this study require pyridoxal for growth. Mutépt WG2 excretes

pyridoxol into the culture medium.4l In mutant WG3, glycol-
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aldehyde can satisfy the pyridoxal requirement for sustained
growth.Sl Radiocactive samples of pyridoxol were isolated by
éarrier dilution from the culture medium in the experiments
with mutant WG2 (Experiments 2, 4, 5, 6 and 7). In the
exéeriments with WG3 (Experiments 1 and 3), radioactive pyri-
doxal was isolated similarly from the cells and converted into
pyridoxol.90

Samples of [2-14C]glycola}dehyde (prepared by the oxi-
dative decarboxylation of 257[3—14C]serine_(TaQ}e 3)) in the
presence of inactive glycerol (Experiments 1 and 2) were ad-
ministered to cultures of mutants WG3 and WG2. Similarly,
the recxprocal experlments, in whlch samples of [2- C]-
glycerol were ‘administered in the presence of non-radioactive
'glycolaldehyde (Experiments 3 and 4) , were carried out with .
both mutants. Samples of [2-14C]glycolaldehyde and [2-14C]?
glycerol inleach other's presenég (Experiments 5 and 6), and
a sample of [2~3H,2-14C]glycqlaldehyde (Experiment 7) were
administered to mutant WG2. The details of these experiments
are summagized in TaAle 2.

The samples of radioaétibe pyridoxol iéolatéd from experi~
ments 1-6 were conve:ted to appropriate derivatives and
then partially degraded by established reaction sequences77 80
to determine the distribution of radzoactiylty. The results of
the radi@activity éssays foxr each of the dégra@ation products
>'isoiatéd'for each of the experiments (1-6) are shown in

L ]
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from the experiments with [2-

75

Tables (4) to (6).

_In the samples of pyridoxol from the experiments with
[2-14C]glycolaldehyde in the presence of unlabelled glycerol
(Experiments 1 and 2) (Table (4)), within experimental error,
all activity resided in the C, unit C-5',-5 (isolated as
N-phthaloy}glycine), and more particularly, at C-5' (isolated
as benzo%g’acid) (Experiment 1). The C2 unit, 'C~2,-2' (isolated
as N-acetyl-a—nﬁphthylamine) was essentially devoid of activity.
Furthermore, pyfidoxol from a culture of mutant WG2, to which
intermolecularly doubly labelled [2—3H,2—14C]—glycdlaldehyde
(35/140 ratio of the dimedone derivative was 9.8 + 0.1) had
been administered (Experiment 7), showed a 3H/“'C ratio of
9.8 + 0.6, iﬂéicating complete retention of 3H, relative to
149. o

Each of the radioactive pyridoxol samples, isolated
l4nglycerol in the presence of
unlabelled glycolaldehyde (Experiments 3 and 4) (Table (5)) .,
was found to contain approximagely one-third of thé.total acti-~

vity in the C, fragment c-2,-2' (Kuhn-Roth acetate) isolated as

the N-acetyl-a-naphthylamine. Furthermore, all of this activity

‘was present at C2 (Kuhn-Roth acetate minus Schmidt methylamine).

Whereas the C unit‘C—S',ﬂS (N*phphéloylglycine), of the sample

2
from mutant WG2 (Experimént 4) contéiﬁeq one~third of the total
activity, this C2 unit in. the pyridoxol sample isolated froh
mufant'WGB (Experiment 3) was essentially devoid of activity.

In the experiments with mutant. WG2, -in which [2-14C]-

H
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glycolaldehyde and [2-14C]glycer91 were administered in each
other's presence (Experiments 5 and 6) (Table (6)), the
pyridoxol samples were found to contain activity in both the

C. units, C-5,-5' (N~phthaloylglycine) and C-2,-2' (Kuhn-

2
Roth acetate) in the two cases. However, the distribution

of label within the two samples differed. 1In the experiment
(Expériment 5) in which the two £racérs were administered in
equimolar concentrations and possessing the same specific acti-
vity, the resulting pyridoxol sample was found to contain ap-
proximately oné-third of its total radioactivity in each of

the C., units, C-2,-2' and C-5,-5'. Within the C2 unit, ¢-5,-5',

2
ve;y.little of the $ctivity was present at C-5' (benzoic acid).
In the experiment (Experiment 6) ir which the specific activity
of [2-14C]§lycolaldehyde far exceeded that of [2-14C]glycerol,
and the glycerol concentration was much higher than that of
glycolaldehyde, an entirely different distribution of label

was observed within pyridoxol. The C2 unit, C-2,-2', accounted
for only one-quarter of the total activity, whereas the C2

"unit, C-5,-5', contained approximately one-half of the total

radioactivity of the intact pyridoxol. Within the c, unit, C-5,-5',
the activity was approximately equally distributed between C-5'

(benzoic acid) and C-5 (N-phthaloylglycine minus benzoic acid).

3.1.3 Discussion

The mode of incorporation of radioactivity from a number

of labelled substrates into the carbon skeleton of pyridoxol has
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been examined in two pyridoxal-requiring mutant strains of
E. coli B, WG2 and WG3. The mutants-were characterized by

41,31,53 Evidence, acquired from genetic studies

W.B. Dempsey.
or tracer experiments with the two mutants, concerning vitamin

B biosynthesis will be briefly reviewed.

3.1.3.1 Mutant WG2
_E. coii WG2 is among several pyridoxineless mutants

bgTenging fo- the Group IV (pdxH, Fig. (2)) category.136 These

AN
gutants‘a#e blocked in the ultimate or penultlmate step in

N ‘
pyridoxal-5'~phosphate biosynthesis and lack_pyridoxol phos-

phate oxidase activity, hence these mutants require pyridoxal

or pyridoxamine for growth.ql.'51 When deprived of pyridoxal,

the Group IV mutants will synthesise pyridoxol at an enhancéd
rate and hence large amounts of both pyridoxol and its -5'

phosphate accumulate in the culture fluid, under certain con-
ditions. These mutants, and particularly WG2; would best re-

present the wild type organism.

.
Tracer experiments with this mutant have provided

137

the evidence for the currently accepted hypothesis for the

biogenesis'of pyridoxol. In this mutant, the carbon skeleton

of pyridoxol is derived from the carbon atoms of glycerol.77'7?

140 jabelled samples,

It was shown by bhemical.dégradation of
that C-2 of glycerol yields C-2, C-4 and C-5 of pyridoxol.

Each of these three sites contains one-third of the label of
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173=77 (Scheme (9), Fig. (Al)). In a 13

the intact pyridoxol

13

NMR study of a ~°C labelled sample of pyridoxol, i£ was shown

that C-1,-3 of glycerol yields C-2*', C-3, C-4', C-5' and C-6
of pyridoiol and each of these five sites contains one-fifth

of the 1abel’5777+7% (goheme (9), Fig. (A2))Y The mode of in-

corporation of radioactivity from [l- C]- and [6-14C]g_lucose77'78

75-77

and from [2rl4c]- and [3—14C]pyruvate extends the evidence

that pyridoxol in WG2 is biosynthetically derived from trioses

~related to glycerol and generated by glycolysis. The evidence

shows conclusively that in E. coli B mutant WG2, the pyridoxol

skeleton can bhe derived entirely and specifically from glycerol.

3.1.3.2 Mutant WG3

E. coli mutant WG3, is another pyrldoxineless mutant
51

and is characterized as 'a Group I {pdx B, Fig. (2)) mutant.
In this mutant, the,pyridoxal requirement Q?n be satisfied by
pyridoxol pyridoxamine, orbglycolaldehyde. This suggests

that glycolaldehyde.is implxcated in the bzosynthesxs of pyri-
85,86

and coworkers. He had studied a number of pyridoxol-requiring

L'y

'mutants of E. coli. Two of these mutants grew in the absence

of pyridoxol if glycolaldehyde was supplied together with either
serine orxr glycine. Although recent genetlc dlscoverxes sug- .
gested that the ﬂriglnal mutants were llkely to contaln more \

than one mutatxoq138 Morrxs work prompted Dempsey to include

Cow

.
!
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75-77
79

75-77 Fig. 2: ‘[l-l“CJGlycerol

[1,3-13¢])Glycerol

Fig. 1l: [2—14C]Glycerol

B
2¥0.4 ) . .
Fig. 3: Experiment 1, WG3 Fig. 4: Experiment 2, WG2
i ' ~ ~0OH
: HO
{ [ OH
(o]
. Fig. S5: Experiment 3, WG3
' HO !
H
“ o,
3z ’ 24ty i
?_ . ' Fig. 7: Eiper;ment 5, equimolar Fig. 8:- Experiment 6,

noneguimolar

Scheme 9: Distribution of Activity within Pyridoxol Derived
from t4c-1abelled Substrates (Activity of Intact
Pyridoxol = 100; Per cent of Total Activity at-
Indicated Carbon Atpms).'
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Schame 9 (Continued)

Distribution of label from [1414C]- and [2—14C}glycerol

in pyridoxol from E. coli B, mutant WG2.

Incorporation of [2-14C]glycolaldehyde in the presence

of unlabelled glycerol.

Incorporation of [2-l4c]glycerol in the presence of

unlabelled glycolaldehyde.

Incorporation of [2~14C]glycolgldehyde plus {2-1401_
glycerol in mutant WG2.

\
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glycolaldehyde among the compounds which were tested in the
cdurse of the investigétipns which eventually led to the
characterization of the Group I mutant, WG3, whose pyridoxal
requirement is satisfied by pyridoxol and by glycolaldéhyde.
The metabolic block in mutant WG3 has been shown by genetic
experiments, to be located at an early stage on the pathway to
pyridoxal (Fig. 2).

A tracer experiment which suggests that glycol-
aldehyde was also implicated in pyridoxol biosynthesis in

yeast was reportéd by Schroer and Frieden.69 It was found

-

——— —"that in the presence of glycolaldehyde in the culture medium,

less radiocactivity from [G-l4c]glucose was'incorporated into
pyridoxol than in the absence of glycplaldghyde, even though
the épantity of pyridoxol present in the culture was unchanged.
More recently, the tracer experiments with labelled
glycolaldehyde led to the observation that radioactivity from
this substrate was incorporated into pyridoxal, from mutant
WG3.87 Controlled chemical degradation demonstrated that
all the radioacéivity was located at C-5' when [2—14C]glfcol-
aldehyde was the substrate and at C-5,-5' when [1,2—14C]-
glycplaldehyae was used in the incubation.go_‘ Based on these
findings, it was considered that glycolqldeh?de served as a
specif;c precursor of the C, unit ,» C~5,-5'. The distribution
of label within pyridoxol, derived from a sample of pyridoxal

phosphate which was isolated from a culture of E. coli B

g
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mutant WG3, which had been incubated with'[2-14nglycoléldehyde
(Experiment l)80 is shown in Scheme (9), Fig. {B3).

ﬁot only is the distribution in pyridoxol of radio-
activity derived from glycolaldehyde quite characteristigc,
bﬁt in addition, the incorporation of label from radioactive
glycolaldehyde into C-5' and C-5 of pyridoxal, in mutant WG3,
takes place Qithout change in concentration of radioactivity,

& w
i.,e., the pyridoxal which is £ ed has the same molar specific

s

activity as the glycolaldehyde that was added to the culture

87 It follows that the C2 unit, C-5',-5 of’pyiidokal is

medium.
derived solely from the glycolaldehyde which is supplied, and
neither the glycolaldehyde nor any of its metaboliies on route
to pyridoxal are diluted by endogenously formed material.

On this basis, the C, unit C-5',-5 of pyridoxal is

2
generated specifically by glycolaldehyde in mutant WG3. The
derivation of the other six cérbon atoms of the pyridoxal f
fo;med in this mutant is unknown. In mutant WG2, on the other
hand, the cor;esponding carbon atoms, C-5',-5 of pyridoxol
originate from C-1l and C-2 of glycerol, respectively, as part

of the C, unit C-5',~-5,-6 which is derived from the intact C3

3
chain of glfcerol. The remainder of the pyridoxol moleculé,
formed in Ehis mutant, is also derived from glycerol in a

specific manner (Scheme (9), Figs, (Al) and (A2)).

3.1.3.3 Interpretation of Tracer Results in Mutants WG2 and #G3

That glycolaldehyde is a required nutrient for mutant WG3

R
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and that its specific incorporation, without dilution, into
carbons 5 and 5' of pyridoxol from t@is mutant, is incompatible
with the tracer evidence obtained from the investigations with
mutant WG2. Several models can be constructed to rationalize
this apparent contradiction.

The first of these that must be considered places
" glycolaldehyde in the role as a compound which lies on the
committed pathway to pyridoxal. The observation that in
mutant WG3 label from glycolaldehyde is incorporated speci-
fically and without dilution into carbgons 5' and 5 clearly
raises the possibility that glycolaldehyde is indeed an obli-
gatory intermediate of pyridoxol biosynthesis.qgt only in mutant
ﬁq3 but also in mutant WG2 and hence also in th; wild type
of E. coli B. Incorporation of label from glycolaldehyde into
the C2 unit C-5',-5 of pyridoxol would be a necessary“pre-
reguisite for further consideration of this model. It'is now
shown that label from [2-14C]glycolaldehyde enters this.frag—
ment and_no other site of pyridoxoi in mutant WG2 (Experiment
2, Scheme (9), Fig. (B4)). Furéhermofe, an intermolecularly
labelled sample of'[2—3H,2-14C]glycolaldehyde is incorporated
into pyridoxol without loss of tritium relative to 14C
(Experiment 7).

In the experiment with mutant WG3, radioactivity was

incorporated into pyridoxal without dilution. In other words,

the molar specific activity of the isolated pyridoxal was
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identical with that of the administered glycolaldehyde,87

whereas in the experiments with mutant WG2 (Experiments 2 and 7),
the’molar séecific activity of the biosynthesized pyridoxof |
(approx. 0.006, 0.0005 mCi/mmole)139 was lower by two orders
of magnitude than that of the glycolaldehyde which had derved
as substrate (0.21, 0.045 mCi/mmole).
g These findings are consistent with the model which
assigns to glycolaldehyde the role of an obligatqry'inter-
mediate: Since, in mutant WG2, not only C-1 and C-2 of ély-
colaldehyde but also C-2 and C-1 of glycerol76'77 are incorporatea
into C-5,-5' (Scheme 9, Figs. Al and A2), the ‘model requires that
glycolildehyde is generated from glycerol by loss of one of
its primary carbon atoms. 1In mutant WG3, which, in the -absence
of exogenous pyridoxal, requires glycolaléehyde for growth
but cannot grow on. glycerol alone, this conversion ié bloéked
bf the mutation and glycolaldehyde i; incorporated in;o pyri-
doxal without dilution. 1In mut;nﬁ WG2, on the other hand, this
conversion takes place, by a hitherto unknown process, and
since administered labelled glycolaldehyde is diluted by endo-
genously formed glycolaldehyde from glycerol, dilution of I
label is expected (Scheme (10)). .

' According to this model, ‘it is predicted that label
from [2-14C]glycerol, when incubated with mu£ant WG3, should
enter C-2, and C-4 of pyridoxal but not C-5, to yield a

pyridoxal sample containing 50% at each of C-2 and C-4. &

”

e
™~
18
£
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Scheme 10: .Biogenesis of Pyridoxol, with Glycolaldehyde
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as an Obligatory Intermediate (now disproven).
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In mutant WG2, the model demaﬁds that the preéence of non-
radiqacpive glycolaldehyde in the culture medium should séare
the incorporation of label from [2-14C]glycerol into carbon=5
of pyridoxol, and should not affect its-ent£§ fhto c-2 and
'.C—4. Hence, the isolated pyridoxol ;hould contain more than
33% of its toéal activity at each of C-2 and C-4 (e.g., 40‘to
45% at each) and less than 33% at C-5 (e.g., 20 to 10%).

In the\limiting caée fi.e.y 50% at each:-of C~2 and C-4),

the distribution would be 'identical with that expected in
WG3.

) Experiments 3 and 4 were carried out to test the pre-
diétioﬁs\based on this model. In WG3, activity from [2—14C]-
glycerol does not enter the Cziunit,‘C—S',-S, a result which is
consistent with the predictions based on the médel. However,
contrary to prediction, on;y one-third, rather than one-half
of the actiyity was piesent‘at C-2 of pyridoxal (Scﬁeme (9),
Fig. (C5)). In mutant WG2, the predicéions pased on this
model are also not fulfilled, since the presence of non-
radioactive glycolaldehyde in the culture medium did not
change the distribution within pyridoxol of activity derived
from [2—lqc]glycerol (scheme (9), Fig. (C6)) from that ob-
served in the absence of glycolaldehyde (Scheme (9), Fig. (Al).

‘ The model which placed glycolaldehyde on route from
glycerql tb‘pyridoxol as an obligatory intermediate must,
. therefore, 'be rejected.
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A second model, which is consistent with the available
evidénce is presented in Scheme (l1). This moda2l is based on
the rotion that therk are two routes, a major one from glycerol,
and a minor one from glicolaldghyde, leading tb c-5',~5,-6
of'pyridoxol in mutént WG2. 1In WG3, the major route from gly-
cerol to the intermediate which gives rise to carbons 5',5,6 is
blocked due to the mutation, so that the minor route from gly-
colaldehydé becomes the sole pathway when glycolaldehyde is
supplied to a culture of WG3. Whether or not glycolaldeh§de
utilization for pyridoxal b;osynthe 'slié,normally operative

in mutant WG2, and therefore also in-the wild type, or whether

glycolaldehyde induces an enzyme when it is supplied to the

medium is a question that cannot be answered on the basis of
1 4 .

available knowledge.

It is not yet possible to distinguish witﬁ cértaipty
between two variénts of the model, i.e., whether the major
and‘minof'routes cénverge at ajcommén intermediate (variant I),
or whether two separate C3 intermediates are formed from
glycerol and from glfcol laehyde (variant II) on route to the
C3 unié, C;S',—S,-G. Preliminary'evidence favours the latter
variant. Whereas in mutant WG2, carbon 6 of pyridoxol is
derivea from C-1 ‘of glycerol79 when the major éaéhway operates,
the result of experiment 3 suggests, solely by inference, on
the basis of incoﬁplete reéovery of label, that C-=6 may‘be‘
dérived from C-2 of glycgrol when the glycolaldehyde pathway
operates. This inference is based on the hitherto uﬁproven

assumption that the remaining carbons, c-2,-2',-3,-4,~-4"' of

>
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2'4's'’ HOCH, | , from
i medium .
245  HCOH blocked in

{ . .
WG3 '
5 .
3 6 HOCH, \\ C 5'-CH20H
S
variant |

a—/"\ g sa,
‘ 3 c 22)

5 \ _ (

C.
2C/

variant |l

Scheme 1l: Biogenesis of Pyridoxol: Two Indepen nt

Routes leading to the C, Unit, C-5',-5,-6.
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pyridoxal in mutant WG3 are of similar o igin as those of
the pyridoxol in mutant WG2, i.e., that C+3, C-4' of pyridoxal
are derived from C-1 of glycerol and\gh t C-4 of pyridoxal i§
derived from C-2 of glyceroi. Since it is now shown (Scheme (9),.
Fig. (c5)) that C-2', C-5 and C-5' of pyridoxal, derived’from
[2—14C]glycerol, contain no radioactivity and that one-third
of the label is located at C-2, it is assumed that the remaining
activity is divided between C-4 and C-6. Since there was in-
sufficient sémpie to carry out further degradatiops on the
pyridoxol obtained from Experiment 3, to locate the remaining
activity, thé inference from this incomplete experiment re-
quires experimental confirmation. T

The relative contribution of the two sources of the C3 unit
in mutant WG2 to éhe bicsyntheéis of pyridoxol was examined by
means of two experiments (Experimenté 5 and 6) in which a
mixture of [2-14C]glycerol and [2—14C]glycolaldehyde was ad-
ministered to the culture medium. Since label from {2—14C]~
glycerol entefs C-5 of pyridoxol but not C-5' (Scheme (9},

Fig. (al)), whereas label from [2-14C]giycolaldehyde enters

* C~5' but not C-=5 (BExperiment 1, Scheme (9}, Fig. (B3)),

assay of activity at these two carbon atoms of pyridoxol
derived frbh a mixtﬁre of the two labelled substra;es serves

as a diagnostic tes;_of_thei; relative importance as precursors,
and thus of the relative iﬁportance of the two sources of the

Cy unit in mutant WG2.
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When the two substrates weré added in equimolar con-
centration and with equal specific'activities (Expgrimgnt 5,
Scheme (9), Fig. (D7)), glycolaldehyde contributed less ‘than
10% of the'C3 anit, c-5',-5,-6, wnile glycerol contributed
over 90%, The results of this experiment and of the earlier
one (Experiment 4) in which the presence of equimolar non- .
radioactive glycolaldehydé did not detectably alter the dis- .
tribution of label from [2—14C]glycerol are in full agreement
wlth each other. Predictably an entirely different distribu- _
tion of label was obsérved in Experiment 6, in which the glycerol
concentration in the medium greatly exceeded that of glycol-
aldehyde while the specific activity of [2-14¢]glycolaldehyde
was much higher than that of [é—ldc]glycerol. ﬁndgr these
conditions, it was found that each substrate contributed ap-
proximately equal amounts of radioactivity éo carbons 5 and 5'
of pyridoxol (Scheme’ (9), Fig. (D8)). It is not surprising
that approxinalely equal amounts of radioactlvity should enter
the product even though less than 1% of the pyridoxol is
generated by the glycolaldehyde pathway. The molar specific
activity of [2- C]glycolaldehyde was 106 times that of [2- 4o cl-
glycerol, which means that one in fifty molecules of glycol-
aldehyde present in the medium is labelled, whereas only one
in 5300 molecules of glycerol carries radioactivity. Hence,
106 molecules of glycerol containing radiocactivity must be

converted into pyrldoxol for every labelled glycolaldehyde

moleculé which enters the prodﬁpc\\D
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The mode of incorporation of label from glycolaldehyde
in the presence of glycerol into pf&idoxol‘in E. ggli B
mﬁtant WG2 demonstrates that whereas glfcolaldehyde does not
lie én thg major route from glycerol to pyridoxol, it can
serve as donor of C-5',-5 of pyridoxol by wa? of a~§econda5y
minor route.

Recently Dempsey reported that a secondary mutation

is required for‘glfcolaldehyde utilization in WG3.39 Based

a3

»

on genetic studies, this secondary mutation has been shown
to be tightly linked to the isoleucine-valine biosynthetic
gene in one group of mutants,‘td threonine geneé in another
group and to a glycolaldehydé dehydrogenase gene in a third
group. A correlation betweéﬁ glycolaldehyde dehydrogenase .
activity and pyridoxal biosynthesis was assumed to
130-134,140,141

exist. No relationship between pyridoxal

requifement and absence of glycolaldehyde dehydrogenasé acti-
vity was observed in numerous pyridbxineleés mutants tested.135
Dempsey and Shimizu concluded that glycolaldehyde is not a
normal frecuréor and must be conﬁertgdlto‘one by the enzyme
whose specificity has been altered by the secondary mutation.
Thi;, however, does not explain the utilization of glycol-
aldehyde in pyridoxol biosynthesis b§ mutant WG2, whose only
metabolic block qccurs after the pyridine ring is formeg,

nor does it explain the stimqlatory efﬁéct on pyridéxol‘
production by starved'py¥idoxinel?ss mutants of E. ggii K12

when glycolaldehyde is present-in the culture medium.84



94

.
.

3.1.4 Schemes Proposed for the Utilization of Glycolaldehyde

in Pyridoxal Biosynthesis

Since the first report published by Morris in 1959,
investigators studiing the biosynthesis of pyridoxol have
tried to explain how glycolaldehyde is utilized in pyridoxal-
requiring strains of bacteria and yeast. It was not until
Dempsey demons;rated that glycolaldéhyde could satisfy the

£ 4
pyridoxal requirement of a pyridokal auxotroph of Escherichia

51

coli (mutant WG3), that glycolaldehyde was seriously considered
as a precursor leading to the vitamin.
Schroer and Frieden69 proposed a scheme for the bio-

synthesis of vitamin B involving glycolaldehyde, xylulose (28)

6
and 2'-hydroxypyridoxine (9) (Scheme (12)). This scheme was
based on the hypothesis proposed by Hill and Spenser77 sug-
gesting that S—deoxyxyluloge,-formed by the condensation of di-
hydroxxgcetone and acetaldehyde, provides carbons 4',4,3,2 and
2' and that glyceraidehyde—3éphosphate érovides‘carbons 5, 5
and 6 of the vitamin. It was suggested that glycolaldehyde,

142 underwent an aldolase reaction

in place of acetaldehyde,
with a triose phosphate to form xylulose; reaction with
giyceraldehyde phosphate and a nitrogen soufée would lead

to 3~hydroxy-é,4,5—trih&drgkymeéh?lpyridine (9) as an inter-
mediate which would then be converted to pyridoxol by the

yeast Saccharomyces carlsbergensis.68 It was not .specified,

however, which carbons of pyridoxol would originate from

glycolaldehyde (Scheme (12), éig. A or Fig.‘B).
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Scheme 12: Sequence Proposed for Glycolaldehyde Utilization
in Saccharomyces fragilis for Pyridoxol Biosynthesis.69
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Hill and Spenser had originally reporfed a scheme for
the biosynthesis of pyridoxol which did not include glycol-
aldehyde.77 It was proposed that the,pyridoxol carbon skeleton
was made up of two 3-carbon units related to glycerol and a
C2 unit also derivable from glycerol. Dempsey's tracer studies
with [1,2—14C]glycolaldehyde and [2-14C]glycolaldehyde demon-
strated that the two-carbon\compound, glycolaldehyde, served
as an efficient precursor of pyridoxal in mutant WG3. Hill
and Spenser speculated that if glycolaldehydé were a precursor
leading to,pyrido#ol, it might serve as the progenitor of the
two-carbon unit C-2,-2' of the vitamin. This notion, however,
was not consistent with the tracer evidence which suppofted a
two-garbon unit at tﬁe oxidation level of acetaldehyde as a
pretursor of carbons 2 and 2' of pyridoxol; an int?amoleéular

regdx reaction had to be invoked78

(Scheme (13))..

The possible intermediacy of "active glycolaldehydé" (27),
derivable from pentuloses via transketolase reaction, in
pyridoxo} biosynphesis stimulated numerous mutant and tracer

studies with pentoses. Dempsey and coworkers tested several

pentoses (L-arabinose, D-arabinose, D-xylose, D-ribose) and

Lo s

pentuloses (Q~xylﬁlose, L-xylulose, D-ribulose-5-phosphate,
D-xylulose-5-phosphate and 5-deoxy-D-xylulose) ana demon-
strated that none of these compounds were able to satisfy the
pyridoxal requirement ofth coli B, auxotrophs.78

Hill and Spenser obtained the radioactive samples of

pyridoxol derived from [14C]glycolaldehyde thch Dempsey had
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Scheme 13: The Possible Intermediacy of Glycolaldehyde as the

Progenitor of C-2,-2' of Pyridoxol.78
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isolated. It was shown by unambiguous chemigcal degradation
of these pyridoxol samples that the carbon fragmeSt c-2,-2"

of pyridoxol was devoid of radioactivity derived
78,80

rom labglled
glycolaldehyde. All the radioactivity from these samples
was shown to be confined to carbons 5 and 5' of the vitamin.

The non-random incorporation of glycolaldehyde into
C-5,~-5' of pyridoxal disproved the hypotheses advanced by
Schroer and Frieden (Scheme (12)) and the prediction pro-
posed by Hill and Spenser. The original hypothesis of Hill
and Spenser did not include glycolaldehyde. This hypothesis
has now been extended to includé a minqr pathway from glycol-
aldehyde leading to pyfidoxol. .

Two other’scﬁemes havgbrecently been publisheé. Tani and

37,38,87 67 have advanced similar hypo-

Dempsey and Lingens
thetical sequences in an attempt to account for the utiliza-
tion and non-random iﬁcorporation of glycolaldehyde into
pyridoxal.in bacteria. The propoéed schemeg involve bio-
chemical £ransformations analogous to those involved in the
biosynthesis of the brénched ch;ined amino acids, iéoleucine
and valine.

| Tani's proposed sequence (Scheme (14)) for the bio-
synthesis of pyridoiaifﬁas based on the origin of glycolalde-
hyde in bacteria and its non-random inéorporation inté the

pyridoxal carbon skeleton. Lingens' extensive studies with

vitamin B¢ deficient mutants of Bacillus subtilis, provided
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evidence which suggested a similar sequence (Scheme (15))
for the biosynthesis of the vitamin. The evidence for these
hypothetical schemes is still meagei, yet it is tempting to
consider this sequence as a likely secondary minor route to
pyridoxal. The evidence presented by Lingens and the mutant
work of Dempsey will be briefly considered.

All mutants of B. subtilis, isolated by Lingens, were
vitamin B6 deficient and were 'able to grow when the culture
medium was supplemented with eithér pyridoxal, pyridoxol,
pyridoxamine and 4'-deoxypyridoxine. It was obsérved that
neither nicotinic acid nor glycolaldehyde could supéort the
growth of any of these mutants. In some mutants, the pyri-
doxine requirement was satisfied by isoleucine or by 3-methyl-
2-ketovaleric acid. 1In other mutants, the addition of iso-
leucine in the culture medium stimulated growth of these cells;

It is interésting to note that the amino acids threonine
and isoleucine are able to postpone the effects of pyridoxine
starvation when they were added to .starving pyridoxineless
mutants of E. coli B, i.e., cell density, nucleic acid syn;
thesis and protein synthesis were found to increa;e.l43 On
analysis of the activities of the enzymes relevant to iso-
leucine-valine biosynthesis, Dempsey found transaminase B
to be completely inactive in cell extracts of_pyridoxine
starved mutants. 3’ He concluded that the threonine-isoleucine
biosynthetic péthway’was the most sensitive to pyridoxoi

starvation.
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.

That these intermediates or the enzymes associated
in the isoleucine-valine biosynthetic pathway might be involved
in the biosynthesis of pyridoxal was demonstrated in cross-

o
feeding experiéents carried out by Dempsey.39

‘The culture
fluid of a pyridoxineless mutant, WG25 (pdxG, Fig. (2)),
was found to "feed" a threonine deaminaseless "Km" mutant,
WG1285._ The latter mutant was shown to require either pyri-

doxine or iséf%ucine for growth.45

Hence, mutant WG25 must
excrete either i§oleucine or a metabolitéﬁwhich can be used
by mutant WG1285 to dynthesize pyridoxal. The "Km" mutant,
WGlZBé, was fou?d to‘crossfeed WG3, a pyridoxine auxotroph
which can uti%iZg glycolaldehyde for growth. Hence, mutant
WG1285 must excreté either glycolaldehyde or a precursér re-
quired for pyridoxal biosynthesis which can be used by mutant
WG3. Inconsistent with this trend of crossfeeding, however,
was the observation that WG25 and WG3 do not crossfeed each
other. These results do not lead to any firm conclusion re-
garding the involvement of the intermediates or enzymes along
the.branched-chain amino acid biosynthetic pathway, yet a
relationéhip, wbich is not un&erstood, does exist.39
.Considering the intermediates which are advanced in
. the hypothétical sequence for the biosynthesis of pyridoxol
proposed by Lingens, it is suggeséed that 4'-deoxypyridoxol (7)
is converted to pyridoxol by the .oxidation of the 4'-methyl |

to the 4'-hydroxymethyil moiety. In testihg this hypothesis,

Lingens found that 4'-deoxypyridoxol (7), added to the culture
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medium, promoted the growth of vitamin B déficient mutants

6
of B. subtilis. Furthermore, 4'—deoxypyrido#ihe-s‘-phosppate
was foﬁnd to accumulate in the culture fluid. Lingens con-
cluded that a kinase was present in B. subtilis, but was un-
able to demonstrate the enzyﬁic oxidation of 4'-deo¥ypyridoxine
to pyridoxol in these mutants, a step predicted by him
and also by Scott and coworkers.84

Scott et al. demonstrated that the action of 4'-deoxy-
pyridoxine in "oxidase" mutants of 'E. coli Kl2 causés inhibi-
tion'of growth. However, under certain conditions, 4'-deoxy-
pyridoxine can promote the growth of the pyridoxal-requiring
mutants. The stimulation of the growth of these mutants sug-
gested that at low pyridoxal conbentration§, the brganism
could convert 4'-aeoxypyridoxine to pyfidoxal.84

The vitamin B¢ analdgues, 4'-deoxyPyridoxine and iéé
5'-phosphate ester are known to be pbwerful inhibitorg of

19,66 . mheir mode of action is to inhibit

pyridoxal oxidase.
the binding of pyridoxal-5'-phosphate to the apoenzyme in a
competitiye manner. The regulatory function of 4'-deoxy-
pyridoxine suggested by Scott and the role of this analogue
as an intermediate in pyridoxine biosynthesis suggested by
Lingens and Scott await experimental confirmation since 4'-
deoxypyridoxine has yet éé be isolated‘from‘a natural source.

Another scheme may be envisaged for the utilization

of glycolaldehyde in the biosynthesis of vitamin B (Scheme (16)).
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Decarboxylation of giyoxylic acid by the carboligase reaction
in E. coli has been shown to be thiamin pyrophosphate depen-

144,145

dent. Hydroxymethyl thiamin pyrophosphate ("active

formaldehyde") is supposedly formed in the reaction.l46 Carb-
anion formation of "active formaldehyde" with subsequent aldo-
lase reaction of glycolaldehyde would lead to the formation

of glyceraldehyde.

Glyceraldehyde formation from glycolaldehyde via the
carboligase reaction would permit entry of C, and C, of
glycolaldehyde specificaliy intg@ C-5 and -5', respectively,
of pyridoxal according to the sequence proposed by Hill and
Spenser. This sequence (Scheme (16)) is in agreement with
the. tracer evidence obtained from Experiment 3 and is consis-

tent with the prediction that C, of pyridoxol, synthesized by

6
way of the glycolaldehyde minor route, should be derived from
C2 of glycerol.

Other biosynthetic sequences which also are consistent
with the data presented above are presented in Scheme (17A and
B). -

Considering that in the biosynthesis of pyridoxol, not
one éompqund has yet been isolated whose sole function is to
sg;ve as a prec;rsor of the pyridoxal carpon skeleton, these
hypothetica; 'sequences’ (Schemes (16) and (17)) attempﬁ to limit

the possible intermediates on route to pyridoxal as well as

putative precursors which may then be tested as intermediates.

B
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3.2 Origin of C, Unit C=2,-2' of Pyridoxol

3.2.1 Introduction

The mode of incorporation of label into pyridoxol
derived from [14C]~ and [13C]glycerol confirms that the entire
carbon skeleton of pyridoxol can be derived from the carbon

atoms of glycerol.75-77'79'80

The eight-carbon structure

of pyridoxol can be envisaged-to be formed from two triose
units related to glycerol and a two~carbon unit derivable from
* C-1 and C-2 of glycerol. The two-carbon unit may be incor-
porated into the carbon skeleton of pyridoxol in either of

two ways: It may give rise to the carbon fragment C-2,-2'
(Scheme 18A) or C-4,-4' (Scheme léB) of pyridoxol.‘

In an attempt to identify which two carbons of pyridoxol
ériginated from a C, unit, it was found that radioactive
samples of pyridoxol, derived from [2<14Cl; and [3-l4c]_
pyruvate, contained most.of the activity aé*qu and C-2',

. N
76,77 Hence, it was concluded that the methyl

respectively.
and carbonyl moieties of pyruvate yielded carbons 2' and 2,
respectively, of pyridoxol. This observed mode of entry does

not reveal whether or not C-1 of pyruvate iS'incorporat;d

into C-3 éf pyridoxo}. In an experiment with [l,3-l4c]—
pyruvate, in which activity at C-1 (52% i 1) and at C—3.

(48% + 1) was approximately the same, it was éhown that over

90% of the totél'éyridokol radioactivity, derived from [1,3-14c]~
pyruvate, was located at C-2' of the vitamin. It follows

that the carboxyl moiety of pyfuvaté is not incorporated into
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pyridoxol. Thﬁs, it is the carbonyl and methyl carbons (C-2
and C-3, respectively) of pyruvate which give rise to the two-
carbon fragment, C-2,-2' of pyridoxol (Scheme 18A).77

From the non-random incorp&ration of activity into
pyridoxol derived from labelled pyruvate and from labelled
glycerol, it was inferred that the triose units, related to
glycerol, and the C2 compound, derivable from both C-1 and
C-2 of glycerol and from C-2 and C-3 of pyruvate, which make
ué the carbon skeleton of the vitamin, are generated by
glycolysis.76’77

The mode of incorporation of radioactivity into pyri-
doxol derived from [1—14C]- and [6-14C]glucose extended this
supposition. It was shown that activity from both labelled
substrates which entered pyridoxol was located at C-2', C-4',

77,78 purther, it was found that more activity from

and C-5*,
[l-;4c]glucose than from [6-14C]glucose,78 was incorporated

into C-2' of pyridoxol., This mode of incorporation was not
consistent with the'idea that pyruvate generated by glycolysis
provided the C, unit C-2;-2' of pyridoxol. Hence, to rationalize
the observed distributioh’of radioactivity within pyridoxol
derived from [l—l4c]ﬂ and [6—14C]glucose, it was necessary

" to propose that a second.route, directly from hexoses, also
supplies the two-carbon uﬁit (Scheme 4).78

A two-carbon unit directly~derivable from hexoses or pen-

toses is "active glycolaldehyde" (27). Yet, it has been shown

that glycolaldehyde is. not associated with the origin of C-2,-2'

2
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of pyridoxol.ao'147

Little is known about the pyruvate-derived two-carbon

unit. From the earlier work of Hill et al.,75'76

it was sug-
gested that the two-carbon unit required for pyridoxol bio-
synthesis must be of an oxidation level of acetaldehyde. Tﬂis
conclusion was based on the relatively poor incorporation

of radioactivity into pyridoxol derived from [2-14C]acetate.
Also, the amount of activity found at carbons 2' and 2 of
pyridoxol derived from labelled acetate was less than the
total amount of activity which entered pyridoxol. Hence, the
incorporation of label.into pyridoxol derived from [2—14C]-
acetate\was not confined to one carbon and it was inferred
that acetate was not the pyruvate-de;ivéd C2 unit ;equired
for pyridoxol biosynthesis. |

The identity of the C, unit originating from pyruvate

2
is unknown and the route which leads from pyruvate to the

C, unit, required for pyridoxol biosynthesis, remains to be

2
established. It is informative, in this context, to consider
the origin'of C-methyl groups present in other natural products.
Informaéién regarding the source of}the C-2,-2' unit of pyri-
do#ol has algo been derived from nutritional-studies of

pyridoxineless mutants. These topics will be briefly discussed

in the following sections.

Alkaloids requiring a C2 unit -

A structural analagy can be drawn between pyridoxol
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and a number of alkaloids: The indole alkaloids, eleagnine (29)
and harmine (30) and the tetrahydroisoquinoline alkaloids,
pellotine (32) and anhalonidine (31), Fig. (l1). These alka-

loids, like pyridoxol, contain a CH,~-C~-N unit. In the bio-

3
synthesis of the isoquinoline and indole alkaloids, the major
portion of the carbon skeleton is derived from a phenethyl-
amine and a tryptamine moiety, respectively. In addition,

a two-carbon fragment is required to complete the carbon
skeleton of these compounds. The identity of the two-carbon
unit involved in the biosynthesis of these alkaloids has been

a subject of contraversy'which has only recently been resolved
and may have some bearing on the origin of C-2,-2' of pyrido#ol.
e The biosynthesis of the isoquinoline alkaloids was
énvisaged by Hahn, in.1935, to occur by the condensation of

an appropriate a-keto acid and the amino acid tyrosine.148
Battersby et al. and Leete et al., while investigating the bio-
§ynthesis of pellotine (32) confirmed Hahn's prediction.

It was shown that label derived from [l—l4c]acetateA
vielded radioactive pellotine (32). Half the total radio-
activity of pellotine (32) was located at the C-1 + C-1'
fragment of the alkaloid. Further, this activity was shown
to be equally divided betyeen these two carbons. The mode of
incorporation of activity derived from [14C]acetate into pel-
lotine (32 showed clearly that acetate was not the direct

precursor of this two-carbon unit C-1, C-1' of pellotine ,(32).149'150
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In a similar alkaloid (31), Leete et al. demonstrated that
high activity from [3-14C]pyruvate was incorporated into

C-1' of anhalonidine (31)lSl

and further the methyl (C-3)

and carbonyl (C-2) moieties of pyruvate, but not of acetate,

served as the donor of the C, fragment C-1,-1' of the iso-

quinoline alkaloids, pellotlng (32) and anhalonidine (31). 32
Similarly, in the bxésyntheSLS of the 8- carbollne

153 label derived

nucleus of the indole alkaloid harmine (30),
from [14C]acetate was randomly incorporated into the carbon
.skeleton of the alkaloid, whereas activity from {2-14C]— and
[3—14C]pyruvate was located at C-1 and C-1', respectively.
The C2 unit, C-1,-1', of eleagnine {(29) is of similar
origin. Most of the activity of this alkaloid, derived from
f3-l4c]pyruvate, was located at the C-1 methyl moiety.154
These observations are in agreement with the findings
of\Stolle et al. and support the work of Battersby and of
Leete which defines pyruvate as the 1mmed1ate precursor of
the C-1,-1' carbon unit of the isoquinoline alkaloids. Further-
more, Hahn's hypothesis regarding the origin of C-1 and its
substituent in tetrahydrdisoquinoiine alkaloids may be ex-

155 and the &

tended to include the benzylisoquinoline alkaloids
indole alkaloids described above.

The»specific incorporation of tﬁe methyl and carbonyl
moieties of the a-ketoacid, pyruvate, iﬁio pyridoxol without

the involvement of acetate may be a further example of Hahn's

hypothesis. However, until the actual C2 unit required for
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the biosynthesis of these alkaloids is identified/and shown
to be the same as that of pyridoxol, this relationship must

be regarded as being coincidental.

Nutrjitional studies with pyridoxineless mutants

An empirical approach which has yielded much informa-
tion regarding the biosynthesis of vitamin B6 has been the
testing of various compounds which could nutritionally satisfy
the pyridoxal requirement of pyridoxineless mutants. Dempsey
has conducted the most comprehensive mutant study and has
characterized several hundred pyridoxineless mutants of E. eoli.
From nutritional, starvation and genetic experiments with these
mutants, data have been accﬁmulated indicating several com-
pounds which might serve as potential- precursors for the éyri-

doxal carbon skeleton.39

A brief description of some of these
mutants and the compounds which they require for growth and/or
pyridoxal biosynthesis will follow. Preliminary tracer ex-

periments have been carried out on this basis and will be

dealt with in section 3.2.3 of this chapter.

3-Phosphoserine, Serine and J-HydroXypyruvate

The relationship of 3-phosphoserine, serine and 3-
hydroxypyruvate in E. coli is of considerable interest with
respect to pyridoxal biosynthesis. There are two pathways
known for the biosynthesis of serine (Scheme (19)). The
route involving the phosphorylated intermediaées appears to

be the major source of this amino acid in E. coli, where
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3

phosphoserine has bezen shown to be the precursor og/serine.156’159

rJF
Several mutants of E. c¢oli have been isolated which

clearly show a dependence for serine,160-162

These mutants
have been characterized according to their gene pfoduct, i.e.,
enzyme deficiency: SerA mutants lack 3-phosphoglycerate
dehydrogenase, serB mutants lack 3-phosphoserine phosphatase,
and serC mutants lack (3-phosphoserine:2-ketoglutarate trans-
aminase (Scheme (19)). )

In two of these mutant classes (serA and serB ) pyri-
doxal production was observed. However, in serC mutants,
no pyridoxal synthesis occurs. In fact, Dempsey showed that
serC mutants were also pyridoxineless mutants (Group III -
originally designated as pdx¥ , Fig. (2)), which required
both serine and pyridoxal for growth.138

Initially, serine was thought to be a p;écursor of
pyridoxal. In fac£, serine can be excluded as a precursor
of pyridoxal because serA and serB mutants, which also have
a serine requirement can synthesize normal amounts of pygidoxal.
Further, neithif growth por pyridoxal synthesis occurs Qhen
serC mutants are cultured on a medium with serine as the
lone supplement.

Originally, it was thought that 3-phosphoserine, rather
than serinel38 was the précursof of pyridoxal because the
enzyme which catalyses the formation of 3-phosphoserine was

lacking in serC mutants. However, in a recent investigation,89
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Dempsey found that the pyridoxal requirement of serC mutants

was satisfied by 3-hydroxypyruvate, i.e., when serC mutants
were cuitured on a medium supplemented with serine plus 3~
hydroxypyruvate, normal growth and pyridoxal production was
observed. When these mutants weré deprived of serine and
pyridoxol but their medium #was supplemented with 3-hydroxy-
pyrﬁz?te, normal amounts of pyridoxal were detected, but no
growth of the culture occurred. Thisngzﬁding demonstrates
that 3-hydroxypyruvate cannot satisfy the serine requirement
(for growth), i.e., 3-hydroxypyruvate is not converted to
" serine. Furthermore, it demonstrates that serine is not con-
verted to 3-hydroxypyruvate (vide supra).

From these results, Dempsey concluded that the funct;on‘
of 3-phosphoserine transaminase in the wild type organiém
was not only to transaminate the phosphorylated compounds, but
also to con&ert small amounts .0f serine to hydroxypyruvate
sufficient for pyridoxal biosynthesis. He further speculated
that pyridoxal biosynthesis is a function of thé 3-hydroxy-
pyruvatenpool.89 The proposed role of 3-hydroxypyruvate as
a precursor of the carbon skeleton of pyridoxal remains to be

-

investigated by tracer methods.
| . '
The earlier observation that radioactivity from [3—140]—
serine was incorporated into pyridoxol from Saccharomyces

77,90,1863

frag‘ilis69 and from E. coli can be rationalized to

take place via pyruvate, a known product of serine catabolism,164-166
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Pyruvate and Alanine

It has bzen shown by tracer studies that the methyl
and c;rbonyl.moieties of pyruvate provide carbons 2' and 2,
respectively,uof pyridoxol. From mutant studies, the Groﬁp \Y
(coded for pdxJd and pdxK Fig. (2)) mutants have been shown
to contain two different phenotypes: dne (pdxJ) of these can
grow only if supplemented with pyridoxol, the other (pdxX)
can use D- or E-alanine, pyruvate or cysteine. However, sub-
optimal growth rates are achieved with the three substrates.

Alanine was one of several amino acids (isoleucine,
aspartate, and glutamine) which stimulated pyridoxol produc-

tion in a pyridoxineless mutant of Bacillus subtilis.67

Thiamin and 2-Ketoglutarate
Starvation experiments with two non-pyridoxineless |
mutants WG1225 and WG1390, have demonstrated that thiamin
and 2-ketoglutarate (glutamate), respectively, are required
for pyridoxal biosynthesis. When deprived of thiamin or 2-
ketoglutarate (glutamate), respectively, these mutants cease
prodpction of vitamin BG‘ In other words, mutants which are
not able to synthesize 2-ketoglutarate (glutamate) or thiamin
do not produce pyridoxol.Sl
Mutants (WGl390) which have an ébsolute requirement
for 2-ketoglutarate (glutamate) have been shown td be deficient

in citrate synthase167 which is required for the synthesis of

2-ketoglutarate (glutamate). Although 2-ketoglutarate itself

N
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is not required for pyridoxal biosynthesi551

the 2-ketoglu-
tarate:glutamate pair may be linked to the 3-phosphohydroxy-~
pyruvate:glutamateQtransaminase reaction which has been shown

to be essential for pyridoxal biosynthesis in the sercC mutants,ag'138
Scheme (19). In the citrate synthaseless mutants, the 3-phos-
phoserine:3-hydroxypyruvate transaminase may be inactivated

due to the lack of 2-ketoglutarate. As a consequence, produc-

tion of pyridoxal ceases. It has been suggested that the 2-
ketoglutarate:glutamate transaminase reaction hay supély the

39 of pyridoxol. This', however, remains to

pyridine nitrogen
be tested.
The relationship of thiamin with the biosynthesis of

168-170 Although

vitamin B6 was first recognized in §east.
this relationship is' not understood, it is thought, that due

to the structural similarity of pyridoxal and the pyrimidine com-
ponent of thiamin, Fig. 12, a competition between the two vitamins

can exist.l7l

It has been shown that the pyrimidine moiety
of thiamin functions as & pyridoxal-5'-phosphate antagonist

in Saccharomyces carlsbergensis, Spreptococcus faecalis,

Neurospora and E. coli. Harris found that in Neurospora,

an excess of vitamin Be caused inhibition of both growth and
thiagin synthesis. 'This inhibition could be relieved by the
addition of thiamin or’of the pyrimidine component of thiamin.172
Lewin et al. discovered that pyridoxal phosphate prevented

thiamin biosynthesis by inhibiting the enzymic condensation .
}
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of pyrimidine pyrophosphate and thiazole phosphate (Figure 12).173

Mutants of E. coli which cannot synthesize thiamin show a
greatly reduced rate of both growth and pyridoxal production

when deprived of thiamin. Addition of thiamin to such a
?

culture initiates growth and pyridoxal synthesis. This ob-
servation leads to the possible explanation that thiamin pyro-

phosphate and pyridoxal phosphate are essential cofactors in

each others' biosynthetic pathways.51

Since thiamin pyrophosphate mediated enzymic reactions

usually involve the transfer of activated C2 units174 and since

pyridoxal biosynthesis is assumed to involve a two-carbon unit,

¥

the above interpretation for the interrelationship of thiamin
éhd pyridoxal phosphate is favoured.51

The inference from Dempsey's mutant studies, which is
in agreement with the evidence obtained from the tracer inves-
tigations of Hill and Spenser, is that vitamin Be is bio-
synthesized de novo from C2 and C3 compounds. One of the
ways such compounés are generated is glycolysis, which yields

triose units related to glycerol and pyruvate. Pyruvate

sexves as the source of several C2 compounds.

The purpose of the present study was to obtain more'
information regarding the origin-df the C2 unit, ¢-2,-2"
of Byridoxol in mutant WG2, and to rationalize the mode of
“{ncorporation of activity derived from [l—l4c]— and [6—14C]-

glucose into pyridoxol. Unequivocal evidence has been presented



122

*UTWRTIY] JO KIDTIOW SuTpTWTIAG

3Yy3 pue TOXOPTIAJ usdmM3aq AJTILTTWIS TeINIONIIS

NIAVIHL

gﬁq\b g
@ N2y, \ﬂ\ HO®HO

1T @anb1g

(1)




—

123

which shows that the C2 unit, C-2,-2' of pyridoxol is derived
from the methyl and carbonyl moieties of pyruvate. The normal
end-products of pyruvate matabolism are excluded as di;;ét’
progenitors of this two-carbon unit of pyridoxol. On this
basis, acylating agents associated with the thiamin~dependent
enzyme-catalysed decarboxylation of pyruvate are proposed to

play an active role in the biosynthesis of vitamin Be.

3.2.2 Results

The details of the tracer experiments with E. coli B
mutant WG2 are summarized in Table (7). Samples of [l—léc]-
acetate (Experiment 9), [l-l4c]ribose (Experiment 10),
[1-3H,2—14C]glycerol (Experiment 14) and [2-14C]glycerol in
the pressnce of equimolar unlabelled pyruvate (Experiment
1ll), acetate (Experiment 12), and 3~hydroxypyruvate (Experi-
ment 13) were administered to cultures of E. coli B mutant
WG2. A sample of [2-14C]pyruvaldehyde (prepared by selenium
dioxide oxidation of [2-14C]acetone - see Table (8)) (Experi-
ment 8) was administered to a culture of E. coli B mutant
WG2, in which the glycerol concentration was maintained at
0.2% (21.8 mmol/l). 1In these experiments, radioactive samples
of pyfidoxol were isolated from the culture medium by carrier
dilution as previously described.77 |

Radiocactive pyridoxol samples fronééil the experiments
were coEzgrted into appropriate derivatives and tﬁen degraded

by established reaction sequences (Scheme (5)) to determine

s
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the distribution of radioactivity. The results of these
degradation experiments are shown in Tables (9) and (10).

In the pyridoxol sample isolated from the experiment
with [2—14C]pyruvaldehyde, (Experiment 8, Table (9)), within
experimental error, all the activity was found in the C, unit,
C-2,-2' (Kuhn-Roth acetate)} and particularly at C-2. 1In the

l4C]acetate was administered as the

experiment in which [1-~
tracer (Experiment 9), the pyridoxol sample was found to

contain sixty percent of 'its,total activity at the C2 unit,
C-2,-2' of the vitamin.)

Pyridoxol obtained from the experiment with [1-14C]~
_ ribose (Experiment 10, Table (9)) was found to contain ap-
proximately one-third of the activity in the C2 frégment,
F-Z,-Z' (Kuhn-Roth acetate) whereas the c, unit, C-5,-5' (N-
phthaloylglycine) of this sample accounted for approximately
one-eighth of the total activity.

In the three experiments in which [2-l4c]glycerol was
administeréd as a tracer in the presence of equimolar unlabelled
.substrates, only Experiment 11, Table 10, in which pyruvate was
added, showed any significant difference in the distribqtion of
label within pyridoxol from that found when glycerol was the
sole substrate. In the presence of pyruvate, 19 t 1% of the
total activity derived from [2-14C]glycerol was found to reside
at the C2 unit, C-2,-2' (Kuhn~-Roth acetate) of pyridoxol and

40 t 1% of its label was located at the C, unit, C-5,-5"

2
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(N-phthaloylglycine). 1In the experiments where sodium acetate
(Experiment 12,'Table (10)) and lithium 3-hydroxypyruvate
(Experiment 13, Table (10)) were present as the non-radiocactive
substrates, the pyridoxol samples in both experiments con-
tained approximately one-third of their respective activities
in the C2 unit, C-2,-2', of the vitamin. Further degradation
of the pyridoxol sample from Experiment 13 located additional
radioactivity in the carbon fragment C-5,-5', and the amount
of activity accounted for approximately one-third of the total
" pyridoxol activity.

Pyridoxol isolated from a culture of mutant WG2 to
which intermolecularly doubly labelled [1—3H,2—14C]glycerol
(3H/14C ratio of glycerol tribenzoate 18.7 % 0.5) had been
administered (Experiment 14), contained a 3H/14C ratio 9.4 £ 0.03,

indicating the loss of one 3H atom relative to 14C.

3.2.3 Discussion

3.2.3.1 Published Evidence Concerning the Origin of the c,

L}

Unit, C-2,~-2" of Pyridoxol .

Evidence that pyridoxol from mutant WGZ2 is biosynthe-
tically deri§ed from trioses related to glycerol and generated

by glycolysis is provided by the mode of incorporation of

14 75,77

radioactivity from [2—14C]pyruvate, [3-""C]pyruvate,

71,78 A plausible hypothesis

[1—14C]glucose and [6—14C]glucose.
consistent with the tracer experiments was advanced on the
basis of these observétions. It is considered that pyridoxol

is formed by the condensation of dihydroxyacetone-l-phosphate,
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D-glyceraldehyde-3-phosphate and a two-carbon unit derivable
from glycerol (Scheme 2).

That this carbon unit can be derived also from pyruvate

A

s
was shown by the chemical degradation of the pyridoxol samples

derived from [2-14C]pyruvate and [3-14C]pyruvate, as all the acti-
vity was confined to carbons 2 and 2' of pyridoxol, respectively
(Fig. 13A and B).. Intermolecularly labelled [1,3-14C]pyruvate,
containing 48% of the activity at C-3 and 52% of the activity

at C-1 of pyruvate,75 yielded py?idoxol which contained most of
the activity at C-2', derived from the methyl moiety of pyruvate.
The carboxyl moiety was not incorporated into the vitam@n; Hence,
the two-carbon unit which supplies C-2,-2' of pyridoxol is deri-
vable from the carbonyl and methyl moieties of pyruvate, respec-

14C]acetate produced

tively. An earlier experiment with [2-
pyridoxol in low radiochemi?al yield and the position of label
was not confined to carbons 2 and 2' (Fig. 14A). Hence, it was
concluded that the pyruvate-derived two-carbon fragment must enter
at the oxidation level of acetaldehyde. Furthermore, radioactivity
foundréifcarbqns 2 and 2"6f‘pyridoxolg"derived from [2-14C]~—
glycerol and [l—l4c]glycerol, respectively, was presumed to be
incorporated into pyridoxol as pyruvate by way of glycefalde—
hyde-3-phosphate.

Subsequent experimeﬁts with labelled glucose demon-
.strated that the terminal carbon atoms of glucose were con-
verted to the 2' methyl moiety of pyridoxol and that pyridoxol

14C]glucose contained a higher fraction of

derived from [1-
label at C-2' than pyridoxol ‘from [6-l4c]glucose. In both

cases, the other sites within pyridoxol containing radiocactivity
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\from these substrates were C-4' and C-5' and the specific activity

at C-2' was identical with that at C-4' and different from that

at C-5' (Figgre 7). This suggested that the two-carbon unit

required for pyridoxol biosynthesis was moré closely related

to dihydroxyagetone—l—phosphate (the precursor of C-4',-4,-3

of pyridoxol) than to glyceraldehyde-3-phosphate (the precursor

of C-5',-5,-6 of pyridoxol). Since the level of activity at

C~2' was not -identical with that of C-5', pyruvate solely

derived glycolytically via glyceraldehyde-3-phosphate could

not have served as the C, donor for the C-2,-2' unit of pyridoxol.
From the mode of distribution of activity within pyri-

doxol derived from labelled glucose, it was inferred that the

two-carbon unit required for pyridéxo} biosynthesis must

originate, not only from pyru@ate, but also from another source.

This alternative route leading from a hexose or dihydroxyace~

tone-l-phosphate to the C, unit C~2,-2' of pyridoxol must

2
converge in an interconvertible metabolic pool with the byruvate~
derived two-carbon unit. Whereas dihydroxyagetone—;-phosphate

is not commonly regarded ag a precursor of C2 metabqlites, the
proposal that the two-carbon unit could be derived from C-1

and C-2 of a hexose, as "active glycolaldehyde", by the action

of transketolase on Effructose-G—phosphatello was advanced.

The interconvertibility of "active glycoléldeﬁyde“ to "active
acetaldehyde" in the metabolic pool had to be assumed (Scheme 4).

This interpretation of the results obtained from the

labelled glucose experiments was self-consistent and predicted
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that the carbon atoms of glycolaldehyde should be incorporated
into the C, unit, C-2,-2' of pyridoxol. Contrary to this pre-
diction, activity from [2—14C]— and [l,2—l4c]glycolaldehyde

was confined t6 carbons 5 and 5' of pyridoxol, biosynthesized

86,87 and WGZ.147 Less than 3% of the total,

by mutant WG3,
activity derived from labelled glycolaldehyde was found within
the two-carbon fragment C-2,-2' of pyridoxol.

It was, therefore, necessary to reconsider the inter-
pretation of the results of the experiments with labelled

glucoge and "to examine which substrate would best serve as a

direct precursor of the two-carbon unit, C-2,-2' of pyridoxol.

3.2.3.2 New Data Concerning the CZ'Unit, C-2,-2' of pyridoxol

sufficient evidence has been obtained which indicates
that the two-carbon fragment used in the biosynthesis of
pyridoxol by mutant WG2 can be derived from both glycerol
and pyruvate. Glycerol can enter the path of glycolysis via
the triose phosphates175 and can serve as a source of pyruvate,
whereas the reverse process is unlikely due to the irre-
versible dephosphorylation'of phosphoenolpyruvate to pyruvate.
Hence, to examine whethex' or not glycerol is incorporated-
into C-2,-2' of pyridoxol by way of pyruvate, a competition experi-
ment was carried out (Experiment 11, Table (10), Fig. (15A)). [2~14C]—
Glycerol, together with an equimolar amount of non-;adioactive

pyruvate was administered to a culture of mutant WG2. Pyruvate

had partially spared the incorporation of label derived from
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[2-14C]glycerol into C-2,-2' of pyridoxol. The incorporation
of unlabelled pyruvate as seen by the differences in the dis-
tribution of radioactivity within pyridoxol from this experi-
ment and in that of pyridoxol derived from an experiment in
which 2—14C glycerol was the sole substrate (Scheme (9), Fig.
(Al)), suggests that pyruvate is more closely related to the
two-carbon intermediate than glycerol. The-sequeqce glycerol -
pyruvate -+ pyridoxol, and‘not pyruvate -+ glycerol : pyridoxol,
must be operative since radioactivity from [2-14C]glycerol is
incorporated into three sites of pyridoxol (C-2,C-4,C-5) whereas
label from [2~l4c]pyruvate enters only at C-2 of the vitamin.

Pyruvate arises from glycerol and from glucose by the
Embden-Meyerhof pathﬁay via glyceraldehyde-3-phosphate. However,
the mode of incorporation of radioactivity from [1—l4c]— and
[6—14C]glucose into pyridoxol suggests that the triose glycer-
aldehyde-3-phosphate does not give rise to the pyruvate which
enters pyridoxol in E. coli mutant WG2.

Recently, a route to pyruvate from dihydroxyacetone-l-
phosphate and wﬁich does not pass through glyceraldehyde-3~phos-

176-178 Scheme (20).

phate was reported to be very active in E. coli,
Cooper and coworkers have demonstrated that dihydroxyacetoné-
l—phosphate.can be converted to pyruvaldehyde (33) (methyl-
glyoxal) by methylglyoxal synthase in vitro, and that the
combined action of the enzymes S-lactoylglutathione methyl—i

glyoxallyase (EC 4.4.1.5) ahd S-2~hydroxyacylglutathione-

hydrolase (EC 3.1.2.6) transforms pyruvaldehyde (33) to
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lactic acid (34).%7°

Conversion of lactic acid (34) to pyruvate
completes a "glycolvtic sﬁunt" whose function is yet to be
determined.177 e

This alternative route to pyruvic acid in mutant WG2
would partially explain the observed distribution of radio-
activity within pyridoxol derived from labe%led glucose. The
path of carbon from dihydroxyacetone-l-phosphate to pyruvate
via pyruvaldehyde is in complete agreement with all the tracer
evidence obtained thus far and strengthens the hypothesis that
a truncated pyruvate supplies pyridoxol with its two-carbon
unit, Cc-2,-2"', .

It was for these reasons that [2-14C]pyruvaldehyde
was synthesized and administered to a culture of mutant WG2
(Experiment 8). On the basis of the "glycolytic shunt", all
the incorporated radioacéivity should reside at C-2 of pyri-
doxol; this;was, in fact, what was found (Table 9) (Fig. 13C).

The incorporation of radioactivity dgrived from [2—14C]—
pyruva}dehyde must be ragionalized by way of’pyruvate to be
consistent with the qthérﬂiracer data because in the reéction
sequence, pyruvaldehyde_+ ;acfate z pyruvate, the first step
to lactate is irreversibleJ;80 Scheﬁe (20). Thus, pyruvalde-
ﬁyde must be converted to pyruvate,\rather than pyruvate to
pyruvaldehyde, before it can serve as the C2 donor in pyridoxol
biogynthesis. Although'lactate is an intermediate in this
conversion, it has been dismissed as a direct énecursor of

the two-carbon unit of pyridoxol on mechanistic grounds, however.

w
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l

On the basis of this alternative pathway to pyruvate,
the glucose data may be interpreted in the following way:
Radioactivity derived from [l-l4c]glucose would preferentially
label the dihydroxyacetone-l-phosphate pool, which can serve
as a source of pyruvate via pyruvaldehyde. Pyruvate (the
precursor of C-2,-2' of pyridoxol) derived by -this route
must have the same specific activity as dihydroxyacetone-1l-

phosphate (the precursor of C-3,-4,-4' of pyridoxol). However,

- A

A permca -

dihydroxyacetone-l-phosphate is interconvertible with D-gly-
ceraldehyde-3-phosphate (the precursor of C-5',-5,-6 of pyri-
doxol) which is- derived from carbons 4, 5 and 6 of glucose
and which is initially devoid of label. D-Glyceraldehyde-
3-pho$phate can also serve as a source of pyruvate by way
lycolysis. Since the latter triose phosphate must depend
oqfisomerase activity for its label, the pyruvate derived from
glycylysis must initially be unlabelled. Therefore, incor-
poration of pyruvate derived from [1-14C]glucose via these
two pathways would result in a C, fragment with a specific
activity lower than that of dihydroxyacetone-l-phosphate

(and hence of C-4' of pyridoxol) and higher than that of

glyceraldehyde-3-phosphate (and hence of C-5' of pyridoxol).

_In fact, pyridoxol derived from [1—14C]glucose, C-2' (36%)

and C-4' (38%) of pyridoxol were equally labelled and contained

more radioactivity than C-5' (26%). Pyridoxol derived from

‘[6—14C]glucose, carbons 2' (26%) and 4' (26%) were again
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equally labelled but contained less radioactivity than C-5'
(48%) of pyridoxol (Figure 7).

Since the level of activity at C-2' was identical with
that at C-4' and different from that at C-5' of pyridoxol in
the two experiments, it appears that glycolytic pyruvate
(i.e., pyruvate formed by way of glyceraldehyde-3-phosphate)
is not used for pyridoxol biosynthesis. Whether glycolytic
pyruvate is compartmentalized181 and used separately from
pyruvate derived by way of the "glycolytic shunt" or whether
glycolysis ceases entirely during pyridoxal starvation of the
cells (and hence éuring the administration of tracer to the
culture medium), so that the only route to pyruvate is the
"glycolytic shunt", cannot be'answered with the avail;ble
data.

The inference that pyruvate derived from glyceraldehyde-
3-phosphate is not used‘in pyridoxol biosynthesis, whereas
pyruvate derived by way of pyruvaldehyde is, is supéorted-by

14C]ribose was used

the results of an experiment in which [1l-
as a tracer (Experiment 10).

To enter the path of glycolysis, the labelled pentose
must first be converted to fructose-l,6-diphosphate. This is
accomplished by a series of transaldolase- and transketolase-
catalysed reactions in the non-oxidative péntose pathwayl

‘ . o 14
(Scheme (21)). By this route, [1-14C]r1bose yields [1,3-""C]-

fructose-1,6-diphosphate in which activity at C-1 is twice

that at C-3.183"184 Aldolase cleavade of [1,3414C]fnuctoée-

)
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l,6~diphosphate leads in the first instance to [1,3—14C]dihydroxy—
acetone-l-phosphate, in which activity at C-~1 is twice that at
C-3, and té'unlabelled glyceraldehyde-3-phosphate. IPartial
equilibrium by isomerase activity leads to 97[1,3—14C]glycer—
aldehyde-3-phosphate whose activity at C-3 is twice that at

l4cy.

C-1, but whose specific activity is lower than that of [1,3-
dihydroxyacetone—l-phosphate. Conversion of the labelled
triose phosphates, by the two pathways, yield [1,3-14C]pyruvate,
in which the activity at C-3 is twice that at C-1.

Assuming that both sources of pyruvate converge in a
éommon pool, the molar specific activity of the pyruvate pool
would be expected to be lower than that of dihydroxyacetone-1l-
phosphate yet higher than that of glyceraldehyde-3-phosphate.

Incorporation of the fragments derived from [1-14C]~
ribose in this manner, into tﬁe pyridoxol carbon skeleton would
place activity at C-3 and C-4' (via dihydroxyacetone-l-phosphate),
at C-5' and C-6 (via glyceraldehyde-3-phosphate) and at C-2'
(via a truncated pyruvate). The activity at C-4' would be twice
that at C-3, and the activity at C~5' would be expected to be
twice that at C-6, yet lower than that at C-4'. Activity at
C-2' would be expected to be lower than that at C-4', yet higher
than that at C-5' of pyridoxol.

If such a distribution of activity derived from [1—14C]-
ribose was observed within pyridoxol, it may be concluded that
ribose enters pyridoxol in a nonspecific manner. Thus, the
observation would suggest that the transketolase intermediate,
"active glycolaldehyde”, does not.supply the two-¢arbon unit

required for pyridoxol biosynthesis.  Furthermore, it may be
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inferred that the pentoses normally formed by way of the non-

oxidative pentose pathway do not serxrve as obligatory precursors

. of pyridoxol.

Specific incorporation of activity derived from [1—14C]~
ribose into pyridoxol, on the other hand, would place high
activity at a specific carbon atom of pyridoxol and should
this carbon atom be C-2 or C-2' of pyridoxol, then ketolase
intermediates including "active glycolaldehyde" must be postu-
lated as mandatory precursors, giving rise to thelcz unit,
C-2,-2' of pyridoxol.

Radioactive pyridoxol derived from [l—l4C]ribose
(Experiment 10) was degraded and was found to contain
34 + 1% and 13 + 1% of the entire pyridoxol activity at
Cc-2,-2' and C-5,-5', respectively (Table (9), Fig. (14C}).

The distribution of the remaining activity was not deter-
mined due to insufficient sample.

On this basis, it can be concluded that ribose enters -
pyridoxol in a nonspecific manner since less than half
(47 + 2%) of the entire pyridoxol activity could be accemnted
for among four carbon atoms isolate&f Yet, assuming that
[l-l4c]ribose gives rise to [1,3-14C]fructose—l,6—diphosphate
as stated by Woods and Katz,183 the remaining activity within
pvridoxol should be predicﬁable.

On the basis of tﬁe predicted distribution of activity

within the labelled trioii/Phosphates generated by aldolase



142

cleavage, it is inferred that C-4' of pyridoxol would contain
approximately one-third of the total pyridoxol activity, that
carbon 3 should contain half the activity of that of C-4‘',
i.e., 16%, and that activity at C-6 should be half of that

of C-5', i.e.,, 6%. Such a distribution of label within
pyridoxol from [l—l4C]ribose suggests, solely by inference
and on the basis of incomplete recovery of label, that C-2'
and C-4' contrary to prediction would contain the same amount
of activity. This suggestion, however, would be in complete
agreement with the distribution of label found within pyridoxol
qeriveu from [1—14C]glucose.and would imply that pyruvate
from dihydroxyacetone~l-phosphate, by-way of pyruva}dehyde,

is used for pyridoxol biosynthesis in mutant WG2.

*

~

3.2.3.3 Substrates Dismissed as Progenitors of C-2,-2' of

Pyridoxol

Unequivocal evidence has now been acquired which places
pyruvate on the path to pyridoxol as the progen}tor of the
C, unit, C-2,-2' of the vitamin biosynthesized by E. coli B
mutant WG2. However, the identity of the two-carbon compound
derivable from pyruvate, which is the direct precursor of

the C., unit, C-2,-2' of the pyridoxol carbon skeleton, remains

2
to be established. Acetyl Coenzyme A, acetaldehyde and
acetate are the major two-carbon end-products which are

formed by the decarboxylation of pyruvate.
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The formation of free acetaldehyde by the decarboxy-~
lation of pyruvate has been shown to occur only by pyruvate
decarboxylase isolated from wheat germ and yeast. It could
not be demonstrated in other enzymic reactions which catalyse
the decarboxylation of pyruvate.l74 However, acetaldehyde,
bound to thiamin pyrophosphate, i.e., a-hydroxyethylthiamin
pyrophosphate (or "active acetaldehyde"), has been shown to
be the initial intermediate formed after the decarboxylation
of pyruvate in all the reactions investigated.llo Thiamin-
bound acetaldehyde does not readily dissociate from the co-
factor unless an acceptor is present174 as in the formation
of acetolactate. Thus, thiamin-~bound acetaldehyde ("active
acetaldehyde") rather than free acetaldehyde will be discus-
sed later in this chapter in context with acetyl CéA forma-
tion catalysed by pyruvate dehydrogenase complex isolated
from E. coli.

Since acetyl CoA can be derived in E. coli not only

186

from pyruvate but alse from acetate, presumably by way of

the acetyl kinase product, acetylphosphate (35),187 followed
by phosphotransacetylase reaction, the possible role of ace-
tate as a source of the c, unit required for pyridoxol bio-
synthesis must be examined.

In an earlier experiment, in which [2-l4C]acetate was

71"‘
administered as a tracer to a culture of mutant WG2'” ap-
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proximately sixty percent of the total activity of the isolated

pyridoxol was found to reside at the C., unit, C-2,-2' (Fig. 14A).

2

Since activity into pyridoxol was low and entry into C-2,-2' was not
guantitative, it was concluded that acetate did not serve as

a direct precursor of the C, unit and that the observed distribu-

2

tion of activity within pyridoxol could have arisen if acetate

entered pyridoxol by way of the reversal of glycolysis.
Another experiment with acetate, this time with

[1-14

Clacetate has now been carried out (Experiment 9). The
isolated pyridoxol again contained sixty percent of its total

activity in the C., fragment, -C-2,-2' (Table (9), Fig. (14B)).

2

The observed distribution of label within pyridoxol
derived from radioactive acetate, in the two experiments is
consistent with the idea that the c, unit, C-2,-2' of pyridoxol
is acetate derived. The evidence from two other experiments
demonstrates that this is not so, however.

The presence of equimolar inactive acetate in the
culture medium did not alter the distribution of label within
pyridoxol derived from [2-14C]glycerol (Experiment 12, Table
(10), Fig. (15B)) fPom that observed in the absence of acetate.
This result contrasts with that of the earlier experimeﬁt
(g;periment 11) where addition of pyruvate altered the distri-
bution of label from [2-14C]glycerol. It must be concluded
that pyruvate serves as C, donor.;h pyridoxol biosynthesis,
whereas acetate does not. The low level of incorporation of

radioactivity into pyridoxol derived from [1714C]- and [2~14C]—'
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acetate indicated that acetate added to the culture medium does
not reach the site of pyridoxol biosynthesis in the cell. How-
ever, E. coli B mutant WG2 can be adapted to grow on acetate

as a carbon source, and thus must reach the site of pyridoxol
biosynthesis. Furthermore, acetate in the form of acetyl CoA

(36), formed in situ by the enzymic degradation of 2&;[3,3',4,5—14

c4]-
isoleucine188 which was administered to mutant WG2, produced
pyridoxol which was devoid of activity.77 This result sug-
gests that even an internal source of acetyl CoA is not in-
volved in the biosynthesis of pyridoxol.

The observed distribution of activity, within pyridoxol,
.derived from labelled acetate may be explained by the indirect
transformation of acetate to glycolytic intermediates prior to
its incorporation into pyridoxol (Scheme (22)). The conversion
of acetate to acetyl CoA (36) permits acetate to enter the citric

86 Conversion of

acid cycle which generatés oxaloacetate (37).l
oxaloacetate (37) to phosphoenolpyruvate (38) by phosphoenol-
pyruvatecarboxykinase followed by dephosphorylation yields
pyruvate. The reversal of glycolysis from phosphoenolpyruvgte
generates the triose phosphétes, which are incorporated into
‘pyridoxol, thereby permitting activity derived from labelled ace-
tate to enter the pyridoxol carbon skeleton (Scheme (22B)).

An alternative route from acetyl CoA to pyruvate, by way

189 Reaction of glycine

of pyruvaldehyde (33) has been described.
and acetyl CoA catalysed by aminoacetone synthetase, followed by

decarboxylation yields l-aminoacetone (39), which on oxidation
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Intermediates via Two Pathways.
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or transamination, renders pyruvaldehyde. Entry of pyruvalde-
hyde into pyridoxol via pyruvate has already been shown to
occur {(Experiment 8) (Scheme (22)A).

The path of carbon and thus also the distribution
of label from either [1—140]— or [2—140]—ace?:i7 to oxaloace-

190 triose phosphates

tate (37) and then from oxaloacetate to th
and to pyruvate (and therefore into pyridoxol) can be pre-
dicted. Oﬁ\the basis of the amount of activity found in the
C, fragment, C-2,-2' of pyridoxol (60 + 1%) derived from
[l-lqc]acetate, it can be predicted that carbons 3 and 6 of
pyridoxol would be equally labelled and would account for the
remaining activity (40%) which was not recovered. Similarly,
on the basis of the incomplete recovery of label, it can be
predicted that the remaining radioactivity within pyridoxol,
derived from [2~14C]acetate, would be found on carbons 3, 4,
4', 5, 5' and 6 so that each of carbons 4, 4', 5, and 5' would
account for approximately 8% of the total activity and that
each of carbons 3 and 6 would account for 4% of the total
pyridoxol activity.191
This distribution of radioactivity within pyridoxol,
derived from labelled acetate, sti;l awaits experimental
confirmation. However, the results from experiments (9) and
(12) make it doubtful that acetate, acetyl CoA(36) or acetyl-

phosphate .(35) are directly involved with the origin of the

two-carbon unit, C-2,-2' of pyridoxol.
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Several reports in the literature have alluded to the
possibility that the C-2' methyl moiety of pyridoxol arises
by a reduction of a hydroxymethyl group'in the course of pyri-
doxol biosynthesis. On this basis, several investigators pro-
posed that 3-hydroxy-2,4,5-trihydroxymethylpyridine (9) might
lie on the route to pyridoxol. When tested, this compound was

demonstrated to support the growth of two vitamin B, dependent

yeast strains, Saccharomyces carlsbergensi568

70

6
and Kloechera

apiculata. The latter was shown to convert [G-3H]—3~hydroxy-

2,4,5-trihydroxymethylpyridine to 3H—labelled pyridoxol and

-~

pyridoxal-S'-phosphate. However, when tested with vitamin BG

Sq and E. coli KlZ,84 no growth

v

auxotrophs of E. coli K12 CR63
or stimulation of growth was observed.

. Schroer and Frieden69 envisaged the intermediate, 3-
hydroxyT2,4,5—trihydroxymethylpyridine (9), arising from glycol-
aldehyde (22), D-xylulose (28), and glyceraldehyde so that C-2
of glycolaldehyde (hydroxy moiety) would enter either at C-2' or
at C-4' (Scheme (12)). However, both these notions were Qis-
proven when it was shown that glycolaldehyde was incorporated

80

exclusively into carbons 5 and 5' of pyridoxol. Alternatively,

the putative intermediate, 3-hydroxy-2,4,5~trihydroxymethylpyri-
dine (9), could arise by the incorporation of 3-hydroxypyruvate
into the C-2,-2' fragment, in an analogous m%nnér to the known
incorporation of pyruvate. {
Evideﬂce that 3-hydroxypyruvate is asfcciated with .

pyridoxol biosynthesis emerges from Dempsey's| extensive mutant



150

studies. Shimizu and Dempsey39’89 have shown that pyridoxine-
less mutants of E. coli K12, designated as serC mutants,

lacking the enzyme 3-phosphosérine:2-ketoglutarate trans-
aminase138 and thereby unable to convert 3-phosphohydroxypyruvate
to 3-phosphoserine, will synthesize ngrmal amounts of pyridoxol
when 3-hydroxypyruvate is present in the ‘culture fluid of
mutants, deprived of serine and pyridoxal.

' To test the intermediacy of 3~hydroxypyruvate in
pyridoxol biosynthesis by E. coli, mutant WG2, a preliminary
experiment in which gon-radioactivé 3~-hydroxypyruvate and
[2-14C]glycerol were used as competitive -substrates (Experi-
ment 13) was carriéd out. The distribution of activity within
th; isglated pyridoxol sample from Experiment 13, derived
from labelled glycerol, did not differ from that within a
pyridoxol sample derived from an incubation in the absence
of 3-hydroxypyruvate (Table (10), Fig. (15C)). The fact that
tﬁe presence of 3-hydroxypyruvate did not spare the iﬁcorpora-
tion of label into pyridoxol derived from {2-l4c}glycerol,
while the presence of pyruvate did (Experiment 11), indicates
that 34hyq50xypyruvatg is not associated with the origin of
the C, unit C-2,-2' of pyridoxol in WG2. However, it may be
'érgued that 3-hydroxypyruvate administered to the culture
medium may nqt.reabh the site of pyridoxol biosynthesis in the
- cell. This behaviour of 3-hydroxypyruvate in the serC

. mutants and in WG2 resembles that of'glycolaldehyde in mutants
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WG3 and WG2 (Scheme (9), Fig. (C4)) and requires further experi-
mental testing since direct tracer evidence bearing on the inter-

mediacy of 3-hydroxypyruvate is, as yet, not available.

3.2.3.4 Plausible precursors for the C2 unit, C-2,-2' of

Pzridoxol

Evidence has now been presented which ensures that
pyruvate can effectively supply the two-carbon unit requifed
for pyridoxol biosynthesis. Only the methyl and carbonyl
moieties of pyruvate Are incorporated into the pyridoxol
skeleton and yet the end-products of pyruvate catabolism are
ineffective as C2 donors for the 02 unit, C-2,-2' of pyridoxol.
The mechanism of the enzymic decarboxylation of pyruvate must,
therefore, be examined. .

There are several enzymic reactions catalysing.the
decarboxylation of pyruvate which are thiamin pyrophosphate
dependent. These reactions differ in the end-products which
are produced by the catabolism of pyruvate, e.g., pyruvate
dehydrogenase yields acetyl CoA, pyruvate oxidase yields
acetate, pyruvate gecarboxylase‘yields acetaldehyde, and
acetolactate synthase yields acetolactate. Although these
‘reactions produce different end-products, similarities do
exist. All these enzymic reactions requirg thiamin pyrophos-
ﬁhate as a cofactor; thus it'is assumed that the initial con-
densation of thiamin pyrophosphate and pyruvate pfoceeds

according to the mechanism which was originally proposed by
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1

116 i.e., nucleophilic attack of the ylide of thiamin

Breslow,
pyrophosphate with the carbonyl moiety of pyruvate. The resul-
ting lactylthiamin pyrophosphate ‘adduct ("active pyruvate") (40)
rapidly undergoes decarboxylation to yield a second carbanion
("active acetaldehyde") (41). This second carbanion is
resonance stabilized with the corresponding enamine form (42),
Scheme (23). Reaction of "active acetaldehyde" adduct with a
suitable substrate or acceptor produces the respective end-
product, and regenerates the ylide of thiamin pyrophosphate

The mechanism for acetyl CoA formation by the pyruvate de-
hydrogenase complex in E. géli has been studied extensively.

A brief review of this reaction mechanism will follow.

It is generally accepted that the aerobic oxidation of
pyruvate in E. coli proceeds mainly by the reactioAs catalysed
by the multienzyme complex, pyruvate dehydrogenase, to yield the
product acetyl CoA via an enzyme-bound "active acetaldehyde" (41)
ihtermed;ate. The work of Reed et 354192"194 has demonsérated
that the dehydrogenase complex from E. coli consists of three
enzymes: Pyruvate decarboxylase (E.C. 1.2.4.1), }ipdate acetyl-
transferase (E.C. 2.3.i.12) and lipoamide deh;arogenase (E.C.
1.6.4.3).' Together these'components effect the oxidation of
pyiuQate to acetyl CoA (Scheme (23)).

The reaction sequenée begins with the aadition of
pyruvate to C-2 of the thiazolium ring of thiamip pyrophoséhate

(yliae) to form an enzyme -bound lac¢tylthiamin pyrophosphate

110,116

adduct (40), also known as “"active pyruvate". Rapid

<
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decarboxylation of the lactyl moiety yields a-hydroxyethylthiamin
pyrophosphate or "active acetaldehyde" (41), which has been iso-

110,174 ¢ om in vitro experimenﬁélgs'l96

lated and can be envisaged
as a stabilized thiamin-bound acetyl carbanion (41). The mechanism
for the conversion of the aceéyl carbanion to an acetyl moiety

has not been fully elucidated, however. This oxidation can be
envisaged to occur either by transfer of the acetyl carbanion

from the thiamin pyrophosphate adduct to the protein-bound

lipoic acid (43)194 with concomitant oxidation of the hydroxy-
ethyl moiety to an acetyl moiety (Scheme (23), path 1), or by
prior oxidation of the thiamin-bound a~hydroxyethyl moiety (42) by
lipoic acid to yield a 2-acetylthiamin pyrophosphate (44) in-
termediate which, in turn, acetylates the reduced lipoic acid
(Scheme (22), path 2). Data which support the latter mechanism

have been reported by Reed et a1.1%?

By either mechanism,
6~-S—-acetyldihydrolipoic acid (45) is ultimately formed and

can function as an acetyl doﬁor to an acceptor such as coenzyme
A, in a reaction catalyzed by lipoateacetyltransferase.

A dehydrogenase specific for dihydrolipoic acid (46)
yields the oxidation product lipoic acid and ultimately trans-
fers electrons to nicotinamide adenine dinucleotide phosphate
(NADP) (Scheme (23)).

Since it is the same two carbon atoms of pYruyate
which give rise tg the two-carxbon atonr adduct of thiamin and

to the C unit; c-2,-2' of pyridoxol, it is conceivable that

2

¢



156

one of the intermediates associgted with thg pyruvate dehydro-
genase complex might function as an acyl donor in pyridoxol
biosynthesis. The first intermediate encountered after the
decarboxylation of pyruvate is the "active acetaldehyde" (41)
adduct. It can serve as an aldehyde donor in enzymic processes
such aé the production of acetoin, acetolactate and a-aceto-a-
hydroxybutyrate. If the adduct is to serve as an acyl donor,
reaction must be accompanied by an oxidation. On the other
hand, oxidation of the "active acetaldehyde" adduct by lipoic
acid (43) (Scheme (23), path 2) or by ferredoxin (in the phos-
phoroclastic reaction in anaerobic fermentative bacteria, cata-
lysed by pyruvate ferredoxin oxidoreductase) would yield the
intermediate, 2-acetylthiamin (44), Scheme (24). The 2-acetyl-
thiamin adduct could also be envisaged as a producé of rearrange-
ment of dihydroxyethylthiamin pyrophosphate during the conver-
sion of xylulose-5-phosphate to acetylphosphafe and glyter- '
aldehyde-3-phosphate in the phosphoketolase reaction (Scheme (25))
in*anaerobic bacteria.114 |
Although the high energy intermediate, 2~acetylthiamin-

pyrophosphate (44), has yet to be shown as a stable intermediate

174

formed by any enzymic reaction, model studies with pyruvate de-

\f:‘%"

carboxylase from E. coli in the presencej?&“?gQartificial
electron acceptor 'such as ferricyanide have demons:;;?é@ the

oxidation of pyruvate to acetylphosphate (35) (presumablly via 2-

197

~acetylthiamin adduct) (44) and C02. Other'investigati ns have
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indicated that acyl thiazolium ions are quite labile and would
be effective as acyl donors in biological sys’cems.lgg"201
Another acyl donor present in the pyruvate dehydro-
genase complex is 6~S-acetyldihydrolipoic acid (45). Lipoic
acid (43), necessary for the decarboxylation of a-ketoacids,
is regarded as an acyl-generating acyl-transferring agent in
this complex. Its function is to transfer an acyl moiety to
Coenzyme A. However, a broader specificity of this enzyme

could produce a general acylating agent in biological systems.l74

According to the working hypothesis,—ls'_78 to serve as

a building block of the pyridoxol carbon skeleton, the acyl
v

donor must react with C-3 of dihydroxyacetone-l-phosphate (or

its enol form). This would lead to l-phospho-3—hydro;ypentane-
2,4~-dione as a possigle precursbr of the carbon atoms 2', 2,

3, 4 and 4' of pyridoxol. An intermediate formed in this
fashion would be in complete agreement with the tracer evi-
dence regarding the origin of the C2 unit, C-2,-2ﬂ of pyri-
doxol, and would satisfy the requirement proposed by Dempsey51
that pyridoxol biosynthesis is thiamin-dependent. A sequence
of reactions for the origin of the c, unit, C-2,-2' of pyri-

doxol, thch is based on known biochemical transformations

is presented in Scheme (26).

3.3 Revised Hypothesis for the Biosynthesis of Vitamin B,

The mode of incorporation into pyridoxol of radio-

activity from several labelled substrates has been examined
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in pyridoxineless mutants of E. coli B. Of these substrates,
glycerol, eruvate and glucose have been demonstr#ted to be
specifically incorporated into the carbon skeleton of

the vitamin.75“79 On this basis, pyridoxol is derived from

triose units generated Ey glycolysis: Dihydroxyacetone-1l-
phosphate and a two-carbon unit, derivable from pyruvate,

undergo an aldolase-catalysed reaction to yield 5-deoxy-D- &
pentulose~l-phosphate which then condenses with glyceralde-
hyde-3-phosphate and a nitrogen source to ultimately yield
pyridoxol (Scheme (2)).

The results reported in this thesis are in agreement
with the hypothesis that glycolysis-derived triose units can
serve as a source of the structural framework of pyridoxol.
However, these results are inﬁerpreteé to indicate that a 4-
amino-4,5-dideoxypentulose (48) rather than 5-deoxypentulose,
might serve ;s.the progenitor of c-2',-2,-3,-4,-4"'. Further-
more, it is Jow shown that in a mutant which closely resembles
the wild tybe strain, glycolaldehyde is not an obligatory
intermediate on route to pyridoxol. Hence, glycolaldehyde is
not considered as an intermediate in the biosynthesis of
the vitamin in the latter organism. These interpretations
are consistent with all tracer and mutant evidence obtained

and are based on several known biochemical reactions (Scheme (27)).

3.3.1 The Origin of C-2,-2' of Pyridoxol

It has been shown that pyruvate can be derived from
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dihydroxyacetone-l-phosphate via pyruvaldehyde (33) by way of a
"glycolytic shunt".l76-l78 On this basis, the incorporation

of radiocactivity into pyridoxol derived from [2~14C]pyruvalde-
hyde must occur by way of pyruvate (Experiment 8). Further-
more, the existence of the "glycolytic shunt" explains the
results of the experiments with labelled glucose78 and [1-14C]-
ribose (Experiment 10) and supports the notion that pyruvate

is the C-2 donor required for pyridoxél biosynthesis.

More evidence has bean ad%uired which indicates that

‘pyruvate is the intermediate which gives rise to the C2 unit,

C-2,-2' of pyridoxol. Of all the substrates tested in isotope
competition experiments with [2—14C]glycerol, only pyruvate

was  observed to alter the distribution of radicactivity within

- pyridoxol (Experiment 11).

The normal catabolic products of pyruvate (acetate,
acetyl CoA and acetylphosphate) have been eliminated as
possible precursors of the two-carbon unit (Experiments 9 and
12). Thus, a high energy pyruvate derivative, generated by
the pyruvate dehydrogenase complex and inferred to be bound
to thiamin perphospﬂate or to lipoate, is proposed to pro-
vide this carbon fragment of pyridoxol by an acetyl transfer
reiction.

On this basis, a hypothétical ééheme,'which is con-
sistent yith ;ll tracer evidence and which supports Hill's

postulate of triose intermediacy, is presented (Scheme 27).
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Acetylation of dihydroxyacetone-l-phosphate to yield 3-hydrox&-
lfphosphdﬁgntane~2,4jdione_(47}, followed by transamination
with glutamine:2-ketoglutarate, is proposed to give rise to
an amino sugar, 4-amino-4,5-dideoxypentulose-l-phosphate (48).
Condensapion with glyceraldehyde phosphate would ultimately
lead to pyridoxol.

There is no ‘direct evidence that 4-amino-4,5-dideoxy

pentuloses exist in nature. However, several other 4-amino-

4-deoxypentoses and hexoses have been isolated from bacteria202

and/or,have been synthetically prepared and are well_chaiac—

203

terized. Of the pentoses, 4-amino-4-deoxy-L-xylose

and its 5-deoxy analogue have beén synthesized.204'205

Furthermore, the six-membered sugafs, 4-amino-4,6-dideoxy-D-

206,207

glucose and its 4-epimer have been synthesized and

have been isolated from extracts of E. coli B,z08 E. coli

10209 210

and Chromobacterium violaceum. In E. coli, these

amino sugars are thought to .arise from thymidine-5'-pyro-

phosphate~bound 6-dé¢oxy-4-ketoglucose by transamination with

: glutamate which serves as a nitrogen source;211'212

The biosynthesis of erhamnose'(6;deoxyarabinohexulose)
213

is also thought to occur in this mannex in Strepomycgé griseus.
. E. ggli,'adapted éé grow on.a medium containing L-rhamnose,

. convert it to‘6;deox¥-4-Qloarabinohexqse-l-ppospﬁa§e~214 '
'Hence, it is not unreasonable to*proposé that 4-amino-4,5~

dideoxypentulose-l-phosphate, formed via the d;ketone inter-

mediate (47), is also present in E. coli, even though it has
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not yet been isolated. The difficulty in the isolation of
4 inog~4~deoxysugars is due to their decomposition during
acid hydrolysis of polysaccharides. The six-carbon amino
sugars decompose to acid-labile pyrrole derivatives, pre-
sumably by dehydration.zos'215
The hypothetical sequence (Scheme 27) accomodates
Dempéey's postulates that thiamin and 2-ketoglutarate (gluta-

mate) are required for pyridoxol biosynthesis and assigns pos-

sible roles'for their function.

/

3.3.2 Incorporation of Glycolaldehyde

3

: The specific incorporatidﬁ of the carbon atoms of
glycolaldehyde %nto vitamin BS b} two mutants of E. coli, WG3
and WG2, is suggesﬁe& to occur by a minor route leading to
pyridoxal and pyridoxol, respectively. Whether this route is

induced when glycolaldehyde is a nﬁtritional supplement or

whether it is normally operative is a question which cannot

' be answered on the basis of the available data.

In mutant WG2, Which is blocked at the oxidase step
of pyridoxol biosynthesis and hence is more representative
6f the wild-t&pe strain, carbons 1 and 2 of glycerol can
supply C-S'L-S of pyridoxgl,18'80 respectively. The carbon
atoms of glygp{aldehyde (sz,-;, ;éspectively) can also sgpply

these carbon atoms of pyridoxol (Experiment 2) but at a reduced

efficiency (Experiments S &nd 6). Y&t, the presence of gly-

colaldehyde failed to alter tHe distribution within pyridoxol
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of raéioactivity derived from [2-l4c]glycerol (Exéeriment 4).
OB this basis, glycolaldehyde was considered not to be an
obligatory intermadiate required for pyridoxol biosynthesis
in this mutant.

An interpretation for'the apparent utilization of
glycolaldehyde in pyridoxol biosynthesis in mutant WG2 is
that a second sour&e of the C3 unit, C-5',-5,-6, which can
be used for pyridoxol biosynthesis, exists. Whether the
glycolaldehyde-derived intermediate is the same or similar
(varient I and II) (Scheme (11)) to that derived‘from glycerol
is not known, however.

In mutant WG3, a glycolaldehyde-requiring organism,
carbons 5 and 5' are solely derived from C-l,4é of glycol-

aldehyd_e,80

respectively. Activity.from [2-14C]glycerol is
ﬁot incorporated into this:two—cafbon fragment of pyridoxol'
(Experiment 3). On the basis that two sources of the C; unit
exist, mutant WG3 must contain a éenetic lesion which pre-
" vents. the synthesis of the glycerol-derived intermediate
which normally supplies C-5’,-5,-6 of pyridoxol, so that the-
course, using glycolaldehyde, usually the minor source, be-
comes the sole source for this three~qarb6n fragment. ‘
The genetic'lesionéfip mﬁtant WGB'must prevent the
synthesis of the intermediate which is normally used for
pyridoxol.biosynthes}s by the major routé; hence, the mutant

utilizes the minor route to synthesize this intermediate from

‘g;ycolaldehyde. In the major pathway,; D-glyceraldehyde-3-
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phosphate is the proposed precursor for the three-carbon

fragment of pyridoxol. Thus, mutant WG3 is unable to syn-

thesize either D~glyceraldehyde-3-phosphate or the intermediate

used for pyridoxol biosynthesis. The minor pathway must
convert glycolaldehyde to either D-glyceraldehyde-3-phosphate

or an unidentified intermediate also derivable from D-glycer-

aldehyde-3-phosphate (Variant I, Scheme (10)).

The conversion of glycolaldehyde to D-glyceraldehyde-
3~phosphate can be envisioned to occur by the carboligase
reaction as shown in Scheme 16 and may be considered as the
minor route for pyridoxal biosynthesis. This poésibility
can be eliminated on the basis of the evidence obtained from
both tracer and mutant investigations, however.

If [2-14C]glycolaldehyde were converted to [3—14C]~
glyceraldehyde-3-phosphate, label woula be éxPected to reside
at C-5' of pyridoxal, as was found.iHowever, isomerase
activity should convert [3—14C]glyceraldehyde-3-phosphate to
[1714C]dihydroxyacetone-l-phosphate. Hence, in pyridoxol
derived from [2-14C]glycolaldehyde label would be expected
not only at C-5', but also at C—;' and C~2'. This was not
found; ' . |

Lack of D-glyceraldehyde-3-phosphate is unlikeiy"
since the triose is formed'from several sources: ‘From glycerol
via dihyaroxyacetonefl-phosphate, from glucose via fruétose-

1,6-diphosphate and from pentoses by transketolase reaction.
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Thus, the genetic lesion in mutant WG3 would have to affect
at least three different enzymes.

Alternatively, if D-glyceraldehyde-3~phosphate were
not the direct intermediate as proposed by Hill et gi;,77
but is converted to a related triose which is also formed by
the minor route, glycolaldehyde utilization for pyridoxol
biésynthesis in mutant WG3 might be explained (Scheme 10).

That is, in mutant WG3, the major pathway from Qfglycer-
aldehyde~3-phosphate to a triose intermediate normally used
for pyridoxol biosynthesis is blocked and hence the glycol-
aldehyde route becomes the major source of this'intermediate.
. If this proposal is correct,.then the intermediate cannot be
directly derivable from glucose or glycerol, otherwise muéant
WG3 would produce pyridoxal from these compounds as sole
carbon sources.

The mode of inccrpofation of radioactivity from [2-14C]-
glycerol iﬂto pyridoxal (Experiment 3) in WG3 leads to the
inference that C-6 of pyridoxal is derived from C-2 of glycerol
by the glycolaldehyde route. Thus, glycolaldehyde must react
with a compound containing C-2 of glycerol to form the required
intermediate for pyriéoxal synthesis. This-implies the forma-
tion of a different intermediate than that formed by the major
roufe.(Variant II) since C-6 of pyxridoxol from mutant WG2
is derived frém C-1 of glycerol. 79 On‘this basis, Variant II

(two separate sources to’ the C unit) is favoured for the explana-

3
tion of glycolaldehyde utlllzatlon.
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Recently, there has been some question regarding
the location and number of genetic lesions in the pdxB

39

mutants as well as the role of glycolaldehyde in pyridoxol

biosynthesis.l?5 These observations support the inference that
the minoxr route is induced when glycolaldehyde is added to the
culture and evidence is now available which negates the obliga-
tory intermediacy of this two-~carbon compound in the biosynthesis

of vitamin B6'

3.3.3 Incorporation of Acetate and Aspartate

Experiments 9 and 12 clearly demonstrate that acetate

is not the C., donor which gives rise to the C, unit, C-2,-2'

2 2
of pyridoxol. These results (Tables 9 and 10) support Hill's

notion that acetate is not an intermediate on route to the

vitamin. The incorporation of radioactivity derived from

[2—14C]acetate77

Q .
been interpreted to suggest that acetate is converted to

and [l—l4c]acetate (Experiment 9) has

pyruvate and to the triose intermediates which make up the

h pyridoxol carbon skeleton. Fofmation of pyruvate from acetate
(acetyl CoA) can occur by.two routes: 1) The condensation of
acetyl CoA and glycine followed by decarbéxylation and trans-

. . 189
amination

yields pyruvaldehyde (Scheme (22)), which can
lead to pyruvate; énd, 2) Acetyl CoA enters the Krebs' cycle
and forms oxaloacetate which is converted to phosphoénol-
pyruvate and to pyruvate, The latter rouite also permits the

triose phosphates to be labelled by reversal of glycolysis
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from phosphoenolpyruvate (S%ﬁ%me (22)). Entry of labelled

pyruvate from glycolytic triose units into pyridoxol permits

14

activity from C-acetate to be incorporated into the vitamin.

The incorporation of radioactivity derived from labelled

69,77

aséartate (49) can also be rationalized by conversion to

77,191

pyruvate in a similar manner. Conversion of aspartate

to pyruvate and the glycolytic intermediates via the Krebs'

91

cycle has been described.l Conversion to pyruvate can also

occur 5y the catabolism of threonine (51) via the aminoacetone

cyclel897216, (goneme (28)).

Asparfate (49) is the primary source of homoserine (50)

217,218

and threonine (51) in E. coli and other bacteria. All

enzymes and cofactors in this biosynthetic pathway have been

219

isolated and purified. The conversion of threonine (51)

to aminoacetone (39) in bacteria was first reported by Elliot220
and presumably involves the spontaneous decarboxylation of the

189

B-ketoacid, 2-amino-3-ketobutyrate (52). Transamination

220 yields pyruvaldehyde

or pxidation by monoamine oxidase
which may then be converted to pyru&ate.

_The mode' of incorporation into byfidoxol of pyruvate
derived from [3—14C]aspartate‘via the aminoacetone cycle and
via phosphoenolpyruvate should place label at C-2 of the
v;tamin.77 Thus, the observed distribﬁtion’(59% at 9—2,-2')
of activity from [3~14C]aspartate éﬁn be rationalized by thgse'

two pathways to pyruvate. The remaining 41% of activity must

be ran&omly distributed within pyridoxol and arises by entry
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of the labelled triose units via the reversal of glycolysis.

3.3.4 The Role of 3-Hydroxypyruvate

From the preliminary results obtained from Experiment 13
(Table (10)),.it is inferred that 3-h§droxypyruvate is not an
intermediate on route to pyéidoxol as implicatedtin mutant
stt;dies.89 Its behaviour in the isotope competition experi-
ment (Experiment 13) is similar to that of glyco;aldehyde
(Experiment 4) and demonstrates no change in the distribution
of label within pyridoxol derived from [2—14C]glyceroi. Two
models may'be constructed,on this basis.

The first model suggests that 3-hydroxypyruvate is
associated with tﬁe minor route, giving rise to the same
intermediate that is derived from glybolaldehyde.221 The
change in Aistribution by the incorporation of.this interme@iate
would be too small to be detected with confidence. This model
is also based on the earlier work of Morris86 who showed that
growth of E. coli mutants was stimul;ted by 3-hydroxypyruvate
as well as glycolaldehyde.86 |

The second model propbseé that 3—hydr$xypyrﬁvate enters
pyridoxol via.the glycolytic intgrmediates and spares the .
incorporation’ of [2-14C]glycerol at all sites thereby leaving
the distribution of activity within pyridoxol unchanged.
3-Hydroxy§yruvate may enter thg glycolyt{c pathway via glyceric
acid. Tbé‘éhzyme, 3—phosph§glycérate dehydrogenase, which
catalyzes‘the conversion of 3-phosphohyaroxypyruvaﬁe tq 3-

3
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phosphoglyceric acid, has been purified from E. coli B.222

These models can be adequately tested by tracer
techniques.

3

3.3.5 ‘Incorporation of [i— H,2~14C]Glycerol

The distribution of tracer within pyridoxol derived

13 d75--77,79

from 14C and C labelled glycerol has been investigate

cand forms the basis for the postulated biosynthetic sequence

of pyridoxol. The fate of the hydrogen atoms of glycerol
was examined by an experiment with doubly labelled glycerol

(Experiment 14), to gain more insight into the pathway

~leading from élycerol to pyridoxol.

The pyridoxol molecule contains eight hydrogen atoms.
Seven of these should be derived from ?he -CH20- group of
glycerol. The eighth (one of the hydrogen'atoms of the methyl
moiety which is derived from the primary carbon of glycerol)
must be introduced by a sub§equent step if the proposed Scheme
(27) is correct. Three carbon atoms of pyridoxol (C-2,-4,-5)
are known to be derived from p-z of glycerol. Thus, the
maximum ratio of hydrogen atoms at the primary positiéns of
glyqerol to secondary carbon atoms of glycerol whicﬁ could
be inqorporated into pyridoxol is 7:3 (Fig. (16)).

The sample of [l~3H]glycerol which was used in Experi-

ment 14 contained a molar specific activity of 18.7 + 0.5

1

times greater than that of [2- 4C]egcerol as measured by

radio assay of [1—3H,2-14C]glycerol tribenzoate, prepared

L4
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from a sample of the mixture [1-H]- and [2—14C]glycerol.

Due to the introduction of tritium at four possible sites

on the primary carbon atoms of glycerol, two diasteriomeric
enantiotopic pairs of isomers or four "radiostereoisotopemers"

are generated and make up the [1-3H]glycerol sample (Fig. (16)).

" Thus, the average molar specific activity for each tritiated

glycérol'species containing one tritium atom must be 4.7 times
greater than that of [2~14C]glycerol.
If all seven hydrogen atoms of pyridoxol are derived

from glycerol, then the composite pyridoxol sample (Fig. (16))

14

derived from’[l-3H,2— Clglycerol should contain a ratio

-

32,7:3 (or 10,9:1 after normalizing) of 3H activity relative
14 ‘

to C. ‘Incorporation of less than seven tritium atoms would

decrease this ratio by 4.7 (or 1.5 after normalizing) for
each tritium lost. The isolated pyridoxol sample contained
5.4 + 0.03 more 3H‘activity relative to l4c, indicating tﬁat
six of the possible seven‘hydrogen atoms are incorporated
into pyridoxol.

It has not yet been determined which one of the carbon
atoms of pyridoxol is deficient in tritium. Nevertheless,
the results o} Experiment 14 strengthen the hypothesis that
two intact triose units derivable from glycerol construct
part of the carbog skeleton of pyridoxol. On this basis,
the C2 unit, derivable from glycerol and pyruvate, required

to complete the structure of pyridoxol, is anticipated to

have lost a tritium atom. This may occyr via enpolization
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of pyruvate or any methyl kégng intermediate formed along
the route to pyridoxol. Alternatively, if carbon 6 contains
no tritium, then the intermediacy of 2~glyéeraldehyde—3-phos~
ﬁhate becomes gquestionable. Degradation methods for the fso-

lation of carbon 6 are currently being investigated.

3.4 Future Investigations

If the interpretation is correct that two sources exist
from which the C, unit, C-5',-5,-6, of vitamin B. originates,
then any future investigation of the minor source must be
carried out with mutant WG3. To complete Experiment 3, the re-
maining activity within pyridoxol derived from [2~14C]glycerol
in mutant WG3 must be located. In addition to the activity found
at C-2,-2' (34% * 1, Experiment 3), it is anticipated that C-4
and C-6 should be equally labelled (33% of total activity at each
site) and carbons 2',~3,-4',-5 and -5' should be devoid of acti-
vity. If this distribution were to be found, a complementary ex-
periment using {1—14C]glycerol would yield pyridoxal labelled equally
at C-2', C-3 and C-4' (33% of total activity). Similarly, ex-
periments with [1-14C]- and [6-14C]glucose woﬁla yield the same
distribution at C-2', C-3 and C-4' and the remaining carbon
atoms of pyridoxal should be unlabelled in all three cases.

If C~2 of glycerol gives fise to C-6 of pyridoxal in -
WG3, the presence of glycine should spare the incorporation
of activity, derived from [2714C]glycerol, into C;S and hence

the distribution of activity at C-2 and C-4 should approach

!
!



=

§ R ST NI, G0N G SIS T 3 M € g L 8 B, R

. 177

50% in the limitihg case (from 33% to 50%). Furthermore,
this experiment would test the intermediacy of glycine (or
ﬁ:acetylglycine) as proposed in Scheme (17). Degradation
leading to the isolation of C-6 of pyridoxal in all the ex-
periments suggested abové would confirm or refute the‘notion
that C-6 arises from C-2 of glycerol.

An additional experiment using [3wl4c]pyruva£e would
label pyridoxal only at C-2', if pyruvate were to be the C2
donor of the unit, C-2,-2' in the minor pathway.

The distribut;on of activity within pyridoxol derived
from these substrates in mutant WG3 should provide evidence
which will ratify or disprove the notion that the origin of
c~2'",~2,-3,-4 and -4' by the minor route is the same as that
of the major route in mutant WG2.

14C labelled 3-hydroxypyruvate in

An'experiment with
WG2 and a §g£c' mutant Qould demonstrate whether or not
activity from this substrate is incorporated into pyridoxol.
If labelled, the-sités aqd mode of incorporétion of label
within pyridoxol must be determined by the isolation of the
appropriate degradééion products. Together, these experi-
ments would provide evidence for the possible intermediacy of
3-hyd;oxypyruvéte. Altﬁough labelled-B—hydr;xypyfuvaéf is not

commercially available, a method for its synthesis has been
223-226 |

‘

deséribed.

To test. the pathway from aspartate to pyruvate'via
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the catabolism of threonine, an experiment'with [3,4-14C}~
homoserine would yield pyriaa%pl pfedominantly.labelled at
C-2,-2'. Activity from this substrate should not be as
}andomly distributed as that from aspartate since homoserine
cannot enter the Krebs' cycle directly. Thus, incorporation
of label via pyruvate which is formed by way of aminoacetone
and pyruvaldehyde should yield the carbon fragment; c-2,-2"'
of pyridoxol with more acti¥ity than that derived from aspar-
tate (59% at C-2,—2').7?

.Doubly labelled pyridoxol derived from [1—3H,2—l4C]—

3

glycerol contained a ratio 9.4 + 0.03 of “H activity“relative

to 14C (Experiment 14) indicating that a protium atom was

incorporated into a site within pyri@oxol instead of a tritium

atom. There are four possible sites in which this could have

occurred (Fig. (16)). To de£ermine with confidence the

site which contains less than the maximum tritium label,

a systematic degradation method whose mechanism does not

fa{sfr exchange‘of p;otium and tritium atoms must be gﬁplgyed.
Kuhn—Rdth oxXidation conditions do not exchange the

~

tritium atoms of {2-3H]acetic acid with protium atoms of
solvent._zz7 Oﬁ this basis, isolation of the C-2,-2' frggment
of pyridoxol as acetic acid77 followed by radioassay would
determine whether C-2' is the site deficient in tritium.

If the'Kuhn—Roth acetate contains a. 9.4:1 3H/14C

ratio, then no loss of tritium has occurred at this site.

3., ,14 .
However, if tritium is lost, then a 4.7:1 "H/” C ratio would

Sy
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be expected. .

Alternatively, carbon 6 of pyriﬁgxol‘may be deficient
of tritium. Chemical modification of the C-6 position by
oxidation to a carbonyl group woula change the 3H/14C ratio
of pyridoxol to 7.8 if tritium were originally present.
Otherwise, the 3H/HC ratio of the oxidized product should
remain 9.4:1, the samg as that of pyridoxol.

The ultimate objective of these tracer experiments is
to identify precursors on route to vitamin Bg. Idéntiffbation
of inté;mediates followed by the isolatio? of enzymes which
catalyse the steps in the biosynthetic pa;hway would bring
experimental progress to the stage where in vitro studies
would aséertain the definitive sequence.

It has been suggested that pyfuvate dehydrogenase.
complex may be involved in the origin of the C2 unit C-2,-2'
of pyridoxol. Acetylthiamin or acetyl lipoate is also thought
to be involved. An experiment with propionylthiamin, an
analogue of acetylthiamin, in a cell-free system might generate
2~ethylpyridexol. Alternatively, conducting tracer experi-
ments in the presence of known specific enzyme ;nhibitors‘may
also provide insight into the biosynthetic sequence. Unfor-

tunately, this increases the number of variables in a complex

system which still requires much more fundamental research.

¥



CHAPTER IV

SUMMARY

The bissynthesis of vitamin B6 has been investigated
by employing Q;;%er methods in two pyridoxineless mutants of

Escherichia coli B, WG2 and WG3. Adaptation of published

“methods for the culturing conditions for the growth of the
mutants and for the isolation and purification of pyridoxol
and pyridoxal synthesized de novo by the two mutants, res-
pectively, were employed.

Adaptation of chemical degradation methods pe}mitted
the isolation of C-2', C-2 plus -2', C-5"' ana C~-5 plus -5'
of pyridoxol as the degradation products methylamiﬁe, acetic
acid, benzoic acid and N-phthaloyiélycine. Methylamine and
acetic acid were converted to solid derivatives for radio-
assay. |

Non-random incorporation of activity into'pyridoxol
derived from labelled glycolaldehyde, glycerol, pyruvaldehyde,
ribose and acetate was observed when these substrates were

administered to cultures of mutant WG2. Isotope competition
»
14

experiments with [2-""Clglycerol in the presence of unlabelled
glycolaldehyde, pyruvate, acetate or 3—hydroxypyruvate demon-
strated that only pyruvate could partially spére\the incor-

poration of activity within pyridoxol. The incorporation

into pyridoxol in mutant WG2 of. activity derived from doubly

- 180 -
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labelled glycoialdehyde, indicated complete retention of
tritium relativé to 14C, whereas activity derived from doubly
labelled glycerol dgmonstrated the loss of one tritium atom

relative to 14C. In mutant WG3, labelled glycerol yielded

-~

non-randomly labelled pyridoxal.

These resuits Are consistent with the hypothetical
scheme that vitamin B¢ arises from two triose units and a
C2 unit all of which can be derived from glycolysis. The
incorporation of activity into pyridoxol and pyridoxal
derived from glycolaldehyde could not be ratiénalized via
the proposed glycolitic intermediates and hence it is postu-
lated that a second minor route involving glycolaldehyde,
must also be operative in mutant WG2. In WG3, the minor route
is the sole pathway to pyridoxal (Scheme (27)).

It is now showgzthat pyruvate is the C2 donor in
the major pathway and' further, that the normal end-products
of pyruvate catabolism are precluded as progenitors of
CLZ,—Z'\of pyridoxol. The role of 3—hydroxypyruvate‘in the
major pathway was briefly examined and on this basis, is not
.consideréd as an obligatory intermediate in pyridoxol bio-
synthesis. It may, however, serve as a precursor in the minor

pathway which is thought to be induced in the presence of

glycolaldehyde.
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