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ABSTRACT
The one-carbon cycle, of which folate is the predominant constituent, is a major carrier of
one-carbon units for biochemical synthesis, and is thought to be the sole mechanism of
methyl-group transfer. It is involved both in purine and pyrimidine biosynthesis, in the
regulation of transcription and epigenics, and in the synthesis of important biological

compounds.

In man folate is subject to a continuous catabolic process. By measuring the rate of
excretion of the products of folate catabolism, para-aminobenzoylglutamate (pABGlu) and
its acetamido derivative (apABGlu), we determined the requirement for folate in humans.
We also show that this requirement increases during pregnancy, due to an increase in the
rate of excretion of apABGlu. This increase in requirement may explain the prevalence of
folate deficiency during pregnancy. We provide evidence to suggest that only apABGlu is
a true catabolic product of folate, while pABGlu appears to be the product of a non-
specific cleavage process. From this data we derive recommendations for the folate

requirement for men, and for both pregnant and non-pregnant women.

One of the major metabolic functions of folate is the methylation of homocysteine (Hcy),
to produce methionine, a reaction which uses vitamin B, as co-enzyme. Elevated serum
Hcy concentration has been linked to the pathologies of several diseases, and is associated
with an increased risk of cardiovascular disease. As a facet of public health policy the use
of folic acid fortification has been advocated to lower Hcy. However, we show that
increased intake of folic acid is only partially effective at lowering Hcy, as above a certain
threshold folate status is no longer limiting homocysteine methylation as vitamin B,

concentrations become limiting.

Hcy is a potent undermethylating agent. Thus, its accumulation in vivo during pregnancy is
potentially detrimental to foetal development. However, we show that, despite the
increased rate of folate catabolism observed during pregnancy, Hey concentrations fell
during this period. We propose that the observed decrease in Hcy may be an adaptive
mechanism to protect methyl-transfer at a time of increased risk of folate deficiency.
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We devised a bacterial model, whereby the folate pools of representative microorganisms
are radiolabelled, using either the folate precursor [*’H]-p-aminobenzoic acid or tritiated
forms of folate. Using this model we showed that the antibacterial drug trimethoprim
(Tmp), an inhibitor of the bacterial enzyme dihydrofolate reductase (DHFR), caused the
catabilic loss of folate in two representitive microorganisms, Eschericia coli and

Lactobacillus casei.

A further consequence of Tmp inhibition of E.coli was the accumulation of folic acid,
which upon removal of inhibition, was shown to be metabolically active. After 4 hours
incubation in the presence of Tmp folic acid accounted for over 45% of the radiolabel in
the cell, with the rest resulting from catabolic products of folate. This is the first time such

extensive accumulation of folic acid has been reported in vivo.

As the synergy observed between Tmp and sulfamethoxazol (SMX), a potent inhibitor of
folate biosynthesis in bacteria, has been attributed to the possibility that SMX is also an
inhibitor of DHFR we set out to test this hypothesis. However, while we were unable to
show any such inhibition of DHFR by SMX, we did show that SMX caused the metabolic
inhibition of the one-carbon cycle, resulting in depletion of concentrations of 10-
formyltetrahydrofolate, the folate co-enzyme involved in purine biosynthesis. This
disruption to the purine biosynthetic pathway, along with the induction of folate
catabolism and inhibition of de novo folate biosynthesis caused by Tmp may in part

explain the synergy observed between both drugs.

In developing a tissue culture model we hoped to demonstrate attrition on mammalian
folate store similar to that observed in bacteria when faced with inhibition of DHFR.
However, while a minor increase in catabolism was observed, the predominant effect of
inhibition was the accumulation of dihydrofolate (DHF). As a proportion of the cellular
folates were shown to be protein bound we suggest that a factor in the increased stability

of the DHF in mammalian cells may be due to the stabilising influences of such binding.



LIST OF ABBREVIATIONS

A. Reduced Folate Co-Enzymes

DHE dihydrofolate

THF tetrahydrofolate

5-CH;-THF 5-methyltetrahydrofolate
5,10-CH=THF 5-methenyltetrahydrofolate
5,10-CH,-THF 5,10-methylenetetrahydrofolate
5-CHO-THF 5-formyltetrahydrofolate
10-CHO-THF 10-formyltetrahydrofolate

B. Folate Precursors

PABA para-aminobenzoic acid

pABGlu para-aminobenzoyl-y-glutamic acid

pABGlu, para-aminobenzoylpolyglutamic acid (n = chain length)
GTP guanosine 5'-triphosphate

DHNpt dihydroneopterin

DHpt-CH,OH dihydroterin-6-hydroxymethyl

DHpt-CHO dihydroterin-6-carboxyaldehyde

C. Antifolate drugs

MTX methotrexate
SMX sulfamethoxazol
Tmp trimethoprim

FdU 5-fluorodeoxyuridine



D. Folate Utilising Enzymes
DHFR dihydrofolate reductase

MTHFR methylenetetrahydrofolate reductase

E. Intermeduries in the One-Carbon Cycle

Hcy homocysteine

tHcy total homocysteine concentration
SAH s-adenosylhomocysteine

SAM s-adenosylmethionine

F. General Chemical Abbreviations

ATP adenosine 5'-triphosphate

DNA deoxyribonucleic acid

NAD(P)+ B-nicotinamide adenine dinucleotide (3'-phosphate)
NAD(P)H nicotinamide adenine dinucleotide (3'-phosphate), reduced
i inorganic phosphate (PO,)

G. Statistical Terms

ANOVA one way analysis of variance
p (-value) significance level

r correlation co-efficient

SD standard deviation

H. General Abbreviations
CHD coronary heart disease
NTD neural tube defect

HEEC high pressure (a.k.a, performance) liquid chromatography

Vil



TABEL OF CONTENTS

DECLARATION
ACKNOWLEDGEMENTS
PUBLICATIONS BY THE AUTHOR
ABSTRACT

LIST OF ABBREVIATIONS

TABEL OF CONTENTS

CHAPTER 1

INTRODUCTION

1. Preamble
1.1. Occurrence
1.1.1. Folic Acid
1.1.2. Reduced Folates
1.2. Nomenclature
1.2.1. General Comments
1.2.2. Substitution and Reduction
1.2.3. Polyglutamates
1.3. Folate Biochemistry
1.3.1. Source of One-Carbon Units
1.3.2. Utilisation of One-Carbon Units
Pyrimidine Synthesis
De Novo Purine Synthesis
Methylation Cycle

Initiation of Translation

11l

1V

Vi

viil

(9]

viil



1.4. Folate-Polyglutamates

1.4.1.

1.4.2.

Polyglutamate synthesis and Cleavage

Folate poly-y-glutamate synthase

Folate Conjugase / Hydrolase (y-glutamylcarboxypeptidases)
Function of Folate-Polyglutamate Synthase and Conjugase
Folate Transport

Storage

Regulation of Enzyme Activity by Polyglutamate Chain Length

Catabolic Products

1.5. Folate Deficiency

1.5,

1.5:2.

Causes of Folate Deficiency
Increased Folate Loss
Increased Folate Catabolism
Increased Excretion
Decreased Folate Intake
Dietary Deficiency
Malabsorption

Other Nutritional Factors
Other Factors Which May Cause Folate Deficiency
Increased Utilisation

Drug Interaction

Classic Folate Deficiency
Chronology

Pathology

Deoxyuridine Suppression
Megaloblastic Anaemia
Complications of Pregnancy

Neuropathy

1l

12

12

12

14

14

14

16

1

b7

17

117/

L7

L7

18

18

18

19

19

19

20

20

21

21

1X



1.6.

153

New Paradigm of Folate Deficiency
Cancer

DNA Strand Breaks

Cytosine Hypomethylation

Neural Tube Defects

Etiology

Down Syndrome

Other Birth Defects
Cardiovascular Disease

Other Disorders Associated With Folate Deficiency
Depression

Alzheimer Disease

Amnesia

Cataracts

Hearing Loss

1.5.4. Enzyme Polymorphism and Folate Requirement

Biogenesis of Folate

1.6.1.

1.6.2.

Pteridine Biosynthesis

GTP Cyclohydrolase

Dephosphorylation of Dihydroneopterine-Triphosphate
Cleavage of the Dihydroneopterine Side-Chain
para-Aminobenzoic Acid Biosynthesis

Biosynthesis of Shikimic Acid from Glucose

Conversion of Shikimic Acid to Chorismic Acid

Conversion of Chorismic Acid to pABA

28

29

30

a4

31

32

32

3

33

33

33

35

36

36

36

37

3

38

38

38

38



1.6.3. Dihydrofolate Biosynthesis from para-Aminobenzoic Acid and

6-Hydroxymethyl-Dihydropteridine
Phosphorylation of the Hydroxymethyl-Dihydropterin
Synthesis of Dihydropterin
Aminobenzoic Substrate Specificity for Dihydropterin
Synthesis of Dihydrofolate from Dihydropterin
Conflicting Evidence for a Single, Bifunctional, Dihydrofolate
Synthase/ Folate Polyglutamate Synthase
1.7. Food Fortification and Supplementation
1.7.1. Use of Folic Acid
Cost Benefit Analysis of Folic Acid Use 1. Benefit
Cost Benefit Analysis of Folic Acid Use II. Cost
Cost Benefit Analysis of Folic Acid Use Ill. Conclusions
1.8. Research Aims:
Part I. Human Studies

Part II. Bacteria and Cell Cultures Studies

CHAPTER 2 METHODS

PARTI: STUDIES IN HUMANS

2.1. Human Subjects and Sample Collection
Ethics
Subjects and Sample Collection
Pregnant Subjects
Urine Treatment and Storage
Dietary analysis

Statistical analysis

40

40

41

41

41

42

43

43

&

&

47

&

49
49
50

50

X1



2.2. Analysis of Urinary pABGlu and apABGlu - Daily Catabolic Loss

23.

2.2.1.

2.2.2.

2.23.

Preparation of [3,5-°'H]-pABGlu and [3,5-’H]-apABGlu
Standards

Synthesis of [3,5-H]-pABGlu

Purification of [3,5-’H]-pABGlu

Synthesis and Purification of 3,5 °H]-apABGlu

Assay for Urinary pABGlu

Preparation of ion-exchange column

Fractionation of Urine by lon-Exchange Chromatography
Diazotization and Solid Phase Extraction

Regeneration of pABGlu

Chromatographic Quantitation of pABGlu

Assay for Urinary apABGlu

lon Exchange Method

Solid Phase Extraction Method

Comparison of methods

Blood Analysis for Folate, Vitamin B,, and Total Homocysteine

2:3:1.

2.3.2.

Blood Preparation
Serum Folate

Red Cell Folate

Microbiological Assay for Serum, Red Cell and Urinary Folate

Preparation of Folate Assay Media

Preparation of Cryopreserved L.casei Suspension
Preparation of Controls

Dilution and Plating of Samples

Preparation of Standard Curve

Incubation and Determination of Folate Concentrations

50

50

50

51

51

2

52

52

53

53

2

4

55

0

35

55

56

56

s

57

5

58

X11



2.3.3.

2.34.

PART II:

Microbiological Assay for Serum Vitamin B,,

Preparation of Vitamin B,, Assay Media

Preparation of Cryopreserved L. leichmannii Suspension
Preparation of Controls

Preparation and Plating of Samples

Preparation of Standard Curve

Incubation and Determination of Vitamin B,, Concentrations
HPLC Assay for Total Serum Homocysteine

Serum Homocysteine Derivatisation

Chromatographic Quantification of Total Homocysteine

STUDIES IN BACTERIA AND CELL CULTURES

2.4. Inhibition of Folate Metabolism in E.coli

2.4.1.

2.4.2.

2.4.3.

Basic Techniques

Preparation of Growth Media

Preparation of E. coli stocks on cryo-preserve beads
Determination of bacterial turbidity

Determination of bacterial density

Optimisation of Growth Conditions

Optimisation of incubation periods for each growth
Determination of optimum [°H]-pABA concentration
Optimisation of Inhibitor Concentrations
Determination of the Tmp concentration to be used
Determination of the sulfamethoxazol concentration to be used

Determination of the inhibitory concentration of pABA

58

58

58

59

59

60

60

61

61

61

62

62

62

62

62

62

63

63

R

A

65

Xl1il



2.6.

2.4.4. Comparison of the Extraction and Deconjugation Methods

Human Serum Conjugase
Rat Plasma Conjugase
Determination of dihydrofolate stability during extraction

and deconjugation

2.4.5. Sample Preparation and Chromatography of Cell Extracts

Harvesting of bacteria, sample preparation and HPLC analysis

Chromatographic separation of THF and 10-CHO-THF
2.4.6. Sundry Techniques Employed

Identification of metabolically-produced folic acid

Metabolic re-utilisation of folic acid upon removal of inhibitor

Identification of folic acid and pABGlu as polyglutamates
Determination of total folate in E.coli
2.5.  Inhibition of De Novo Folate Biosynthesis in E.coli
Inhibition of exogenous ["H]-pABA incorporation by Tmp
Identification of the radiolabelled species in the supernatant
Inhibition of Folate Metabolism in L.casei
2.6.1. Basic Techniques
Preparation of growth media
Determination of bacterial turbidity
2.6.2. Optimisation of Growth Conditions
Optimisation of incubation period for each growth
2.6.3. Optimisation of Inhibitor Concentrations
Determining the minimum inhibitory concentration of Tmp or MTX
Effects of duel inhibition (FdU and Tmp) on L.casei growth

Effects of thymine supplementation on growth inhibition

65

65

65

65

66

66

67

67

67

68

68

68

69

69

69

70

70

70

70

70

70

7

Hl

74

71

X1V



2.7. Inhibition of Folate Metabolism in Mouse Lymphocytes (L1210 Cells)
2.7.1. Basic Techniques
Maintenance of cell cultures
Folate depletion of cells
Labelling of cells
2.7.2. Treatment of Cells and Chromatographic Analysis of Extracts
MTX inhibition of cells
Folate extraction and treatment

Determination of bound radiolabel

PART I: STUDIES IN HUMANS

CHAPTER 3

FOLATE CATABOLISM AND EXCRETION IN (NON-PREGNANT) HUMANS

3.1. Introduction
3.2. Results
3.2.1. Folate Loss in Men
3.2.2. Folate Loss in Women
3.2.3. Folate Loss in Women Using the Combined Oral Contraceptive

3.3. Discussion

15

76

76

71

78

78

XV



CHAPTER 4

RESPONSE OF TOTAL HOMOCYSTEINE TO FOLIC ACID SUPPLEMENTATION

AND ITS CHANGING RELATIONSHIP WITH SERUM FOLATE AND VITAMIN B,,

4.1. Introduction &1
4.2. Results &2
4.3. Discussion &3
CHAPTER 5

FOLATE CATABOLISM AND EXCRETION IN PREGNANT HUMANS

5.1. Introduction 85
5.2. Results 87
5.3. Discussion &89

Possible sites of modulation of folate status 93
CHAPTER 6

THE EFFECT OF PREGNANCY ON TOTAL SERUM

CONCENTRATIONS OF HOMOCYSTEINE

6.1. Introduction 93

6.2. Results o

6.3. Discussion 57
Regulation of SAH metabolism 100
Regulation of adenosine metabolism 100
Regulation of homocysteine metabolism 101

XVl



PART II:

STUDIES IN BACTERIA AND CELL CULTURES

CHAPTER 7

TRIMETHOPRIM INHIBITION OF FOLATE METABOLISM AND

BIOSYNTHESIS IN ESCHERICIA COLI

7.1. Introduction

7.2. Results

T2 L

7.2.2.

Inhibition of Folate Metabolism by Trimethoprim in E.coli
Optimisation of growth conditions

Effect of optimum Tmp treatment on folate distribution
Authentication of folic acid

Effect of sub-optimum concentrations of Tmp on folate distribution
Characterisation of the pABGlu product of Tmp inhibition
Characterisation of the folic acid product of Tmp inhibition
Metabolic re-utilisation of folic acid upon removal of inhibitor

Inhibition of Folate Biosynthesis by Trimethoprim in E.coli

7.3. Discussion

731

132

Effect of Tmp Inhibition in E.coli

Inhibition of Folate Metabolism and Induction of Catabolism
Characterisation of the pABGlu product of Tmp inhibition
Authentication of folic acid

Metabolic re-utilisation of folic acid upon removal of inhibitor

Inhibition of Folate Biosynthesis by Trimethoprim in E.coli

103

104

104

104

105

105

106

106

107

107

107

108

108

108

110

110

110

111

XVii



CHAPTER 8

SULFONAMIDE AND p-AMINOBENZOATE INHIBITION OF FOLATE

METABOLISM IN ESCHERICIA COLI

8.1. Introduction 113
8.2. Results g )
8.2.1. Effect of sulfamethoxazol inhibition 115
8.2.2. Effect of para-Aminobenzoic Acid inhibition 116
8.3. Discussion 117
8.3.1. Effect of sulfamethoxazol inhibition 117
8.2.2. Effect of para-Aminobenzoic Acid inhibition 118
CHAPTER 9

TRIMETHOPRIM AND METHOTREXATE INHIBITION OF FOLATE

METABOLISM IN LACTOBCILLUS CASEI

9.1. Introduction 121
"Classical” antifolates 121
“No-classical” antifolates 122

9.2. Results 123

9.2.1. Inhibition of Folate Metabolism by Trimethoprim
or Methotrexate 123
Radiolabel distribution on pteridine and pABGlu
moieties of folic acid 123
Effect of Tmp or MTX treatment on bacterial growth
and folate distribution 123

Calculating the extent of folate catabolism 124



9.2.2. Antagonism of Trimethoprim Inhibition
Interaction Purine and Pyrimidine Precursors with Tmp
Interaction of FdU with Tmp
Interaction of FAU and Thymine with Tmp

9.3. Discussion

9.3.1. Inhibition of Folate Metabolism by Trimethoprim
or Methotrexate
Effect of Tmp and MTX inhibition

9.3.2. Antagonism of Tmp Inhibition
Interaction of Purine and Pyrimidine Precursors with Tmp
Interaction of FdU with Tmp

Interaction of Tmp with FdU

CHAPTER 10

METHOTREXATE INHIBITION OF FOLATE METABOLISM IN

MAMMALIAN (L1210 CELL) CULTURES

10.1. Introduction
10.2. Results
Qualitative Identification of Protein Bound Folate
Effect of MTX Inhibition on Folate Distribution
10.3. Discussion
Incomplete deconjugation of folates
Ejfect of MTX Inhibition on Folate Distribution

Accumulation of 5-CH,-THF in control cells

125

125

126

126

126

126

126

127

128

129

130

132

182

133

133

133

134

135

XX



CHAPTER 11

DISCUSSION

11.1. Calculating the Recommended Daily Allowance for Folate

11.2. Evolutionary Design and Deletion

11.2.1.

11.2.2.

11.2.5.

11.2.4.

Metabolic Cost (ATP Equivalents) of Folate Biogenesis
Evolutionary Design and Deletion
Cost of Folate Storage (Polyglutamate Synthase)

Cost of “Activating’ Folic Acid

11.3. Regulation of Folate Homeostasis

11.3.1.

11.3.2:

§1:3.3.

Protection ofmethyl-Transfer (Vitamin B,, Regulation of the
One-Carbon Cycle)
Matching of Folate Status to Requirement

MTHFR Polymorphism

11.4. Possible Reasons for Increased Folate Catabolism During Pregnancy

11.4.1.

11.4.2.

Catabolic Loss Due to Increased Metabolic Activity

Increase in Thymidylate and Dihydrofolate Synthesis
During Pregnancy

Increase in Folate Catabolism During Pregnancy
Increase in Folate Catabolism as a Function of Increased
DFH Synthesis

Induction of Folate Catabolising Enzymes
Requirement for Catabolic Products

Regulation Folate Homeostasis and the Rate of Cell Replication

11.5. Possible Source of the Folic Acid in E.coli and Mammalian

Cell Cultures

137

139

129

139

140

140

141

141

143

145

146

146

146
147

147

148

148

148

149

XX



11.6. Mechanism of Synergy Between Trimethoprim and Sulfamethoxazol

11.6.1. Synergy in Bacterial Strains Sensitive to Both Inhibitors

Increased Cell Permeability and Drug Uptake

Depletion of Cellular Folate Concentrations

Depletion of 10-CHO-THF Concentrations

Decreased Competition For Binding to Dihydrofolate Reductase

Depletion of Substrates For Folate Biosynthesis

Secondary Inhibition By The SMX-Pteridine Analogue

11.6.2. Synergy in Bacterial Strains Resistant to Either Drug

Modification of Cellular Transport

Increased Substrate Competition

Enzyme Mutation Resulting in an Increase in the K, : K,, Ratio

APPENDICES

APPENDIX A:

APPENDIX B:

Appendix C:

REFERENCES

Validation of the Solid Phase (SepPak) Assay for Folate
Catabolites in Urine
Principles of Integration

Calculating the Extent of Folate Catabolism in L.casei

151

1551

151

151

151

152

152

153

153

153

154

155

159

161

164

XX1



CHAPTER 1

INTRODUCTION

1. Preamble

In the 1930's Lucy Wills published two papers which showed that an unidentified
component from yeast could cure (Wills, 1931) or prevent (Wills and Stewart, 1935)
anaemia caused by nutritional deficiency. It was for this initial discovery that Watson and
Castle (1946) named the compound “Wills’ factor” when they demonstrated that this “new
haemopoietic” compound was contained in fractions of liver extract distinct from those
which were curative for pernicious anaemia. Final evidence that the vitamin was not
vitamin B,, came with its synthesis by Angier et al. in 1946. We now more commonly

know the vitamin as folate or folic acid.

In the intervening years our understanding of the vitamin has extended not just to its use in
the prevention and cure of diseases of nutritional deficiency, but to our understanding of
vitamin sufficiency, how folate concentrations which were once considered adequate in the
prevention of the nutritional anaemias may be inadequate in the prevention of cancer, birth
defects and vascular disease. However, until recently over 40% of the US adult population
had a folate intake below the recommended daily allowance (RDA) (Wilson et al., 1997),
with more than 8% having a folate intake less than half the RDA; over 20% had plasma
folate concentrations deemed to be deficient (Jacques ef al., 1999) resulting in elevated

concentrations of total plasma homocysteine (tHcy). We discuss below many of the factors



which give rise to folate deficiency, particularly the loss of folate due to increased
catabolism at times of rapid cell proliferation. As mentioned already, folate deficiency
gives rise to increased tHcy. Elevation of tHey has been associated with increased
incidence of coronary heart disease (CHD) and birth defects. We review the public health
strategies which have been introduced to increase folate status and decrease tHcy. Both
outcomes would be anticipated to improve public health and decrease the rate of neural

tube defects (NTDs) and CHD occurrence.

Because of the importance of folate in DNA biosynthesis antifolate drugs have proved to

be extremely effective in the treatment of cancer (Jackman, 1999) and bacterial infection

(de Ferranti et al., 1998). In particular we describe how the antibacterial drug trimethoprim

(Tmp) exerts its effect on folate depletion. Furthermore, we shed new light on the
synergism that exists between Tmp and the folate synthesis inhibitor sulphamethoxazol

(SMX).

But before discussing these matters we describe in detail the structure, biogenesis and

physiology of folate.

1.1. Occurrence

1.1.1. Folic Acid [Fig. 1.1] shows the structure of folic acid. Folic acid is thought not to
occur in nature to any great extent as it is not a product of either the biosynthetic or
metabolic folate pathways. Instead its occurrence is dependent on the chemical oxidation
of reduced folates or from commercial synthesis for use in supplements and in food

fortification. Folic acid is regarded as the most stable form of the vitamin.

o
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Fig 1.1. Basic structure of folate showing the numbering system for the pteridine and aminobenzoate rings. Reduction of the pteridine ring

occurs at C7 and N8 (dihydro-) or at N5, C6, C7 and N8 (tetrahydro-). One carbon substitution occurs on, or bridging, N5 and N10.



1.1.2. Reduced Folates The reduced folates are naturally occurring and, because of their
role as one-carbon donors for a number of biological reactions, are ubiquitous to all known
living cells, where they are found in various states of N-5 and N-10 substitution [Fig 1.1].
Reduced folates are synthesised by most plants and micro-organisms, which accounts for
their natural abundance in nature. However, as the folate biosynthetic pathway is absent in
mammals and most higher organisms (Kishore et al.; 1988, Haslam, 1993) their nutritional
requirement for folate must be derived from the diet. This may be through direct
consumption of plants and micro-organisms, or through ingestion of material from higher
organisms, which have obtained their folate from primary dietary sources [Table 1.1].
Because of the inability of mammals, and in particular humans, to synthesise folate, folate
is termed a vitamin. The term "vitamine" was coined by Funk (1912) to describe a group
of "vital amines" which were required for proper metabolic function. The term vitamin,
minus the ‘e’ to remove the implication that all such compounds are amines, has since
been used to describe a compound that cannot be synthesised by a given organism and

must therefore be supplied exogenously.

1.2. Nomenclature

1.2.1. General Comments The independent discovery of an unknown vitamin required
for cell proliferation spawned a plethora of names for the as yet unidentified compound:
folate, folic acid, pteroylglutamic acid, liver L.casei factor, vitamin B¢, vitamin M,
Folsdure (Merck Index, 1996a), Streptococcus lactus R-Stimulating Factor (Laskowski et
al., 1945) and Wills’ factor (Watson and Castle1946). Matters were further complicated by
the partial characterisation of compounds whose physiological properties differed from

those of folate due to either one carbon substitution (i.e. 5-formyltetrahydrofolate has been
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Food Source

Folate (ug/ 100g)

Free folate as a %

Free Total of Total folate
Grains:
Oat meal 32.0 34.0 94.1
Rice (boiled / milled) FLO 81.0
Wheat (whole) 14.2 36.6 38.8
Puleses and legumes:
Peas (dry) 4.6 7.5 61.3
Soyabean 8.7 100 8.7
Chick Peas 34.0 186.0 18.3
Mung bean 24.5 140.0 1'7:5
Leafy Vegetables:
Cabbage 13.3 23.0 57,9
Spinach 51.0 123.0 41.5
Roots and tubers:
Carrot 5.0 15.0 333
Onion 1.5 6.0 25,0
Potato 3.0 7.0 42.9
Other Vegetables:
Cucumber 12.6 14.7 85.8
Pumpkin 3.0 13.0 23.1
Meat:
Chicken 3.2 6.8 47.4
Liver (Sheep) 65.6 188.0 651l
Mutton 1.0 5.8 17.3
Sundry:
Whole egg (Chicken) 70.3 8.3 89.8
Milk (Cow) 5.6 8.5 65.9
Yeast (dried) 150.0 1640.0 92

Table 1.1. Folate composition of some typical foodstuff. Free Folate: Relative activity of

crude extracts in sustaining L.casei growth. Total Folate: Relative activity of extracts upon

conjugase treatment [see Section 1.4] (from Lakshmaiah and Ramasastri , 1975c¢)



called folinic acid, citrovorum factor, leucovorin (Merck Index, 1996b)) or due to their
polyglutamylated nature (i.e. fermentation L.casei factor (Laskowski et al., 1945;
Hutchings et al., 1948) [Fig 1.1]. It was therefore not until the chemical structure of these

compounds was determined that the common locus for the names was established.

While the [TUPAC-IUB Commission name for the vitamin is pteroylglutamic acid (PteGlu)
(Blakely and Benkovic, 1984), this has proved unwieldy and cumbersome, thus confusion
over the name has continued with the more common use of the names folic acid and folate
to describe the vitamin. The name folic acid, and thence folate, was first coined in 1941 by
Mitchell et al. (1941) after the 4 tons of spinach leaves from which it was purified (Latin,

Jolium — leaf).

1.2.2. Substitution and Reduction The carbon and nitrogen atoms of folate are numbered
as shown in [Fig 1.1] (Blakely, 1969). The naturally occurring folates differ from folic
acid by the degree of reduction, di- or tetrahydro-, of the pteridine ring and by substitution
of one-carbon sub-units on or bridging nitrogens 5 and 10. The naming convention for the
vitamin is: [(atom number(s))-Substituent group]-[(atom numbers)-Number of hydrogens]-
folate / pteroylglutamate. Using this convention the term “folate” has in the past been used
to describe folic acid/ pteroylglutamic acid, again causing confusion. In recent years,
therefore, use of the name folic acid has increased when referring to pteroylglutamic acid.
Unfortunately this has lead to complications of its own, with the term folic acid now
becoming synonymous with the vitamin in the mind of the public, due to health

promotional campaigns.



1.2.3. Polyglutamates As the term folate/folic acid refers to compounds containing one
glutamate residue [see Fig 1.1] this has lead to a further awkwardness in naming
compounds with more than one glutamate. When discussing poly-glutamates all residues
are counted including the glutamate attached to the pABA. This confusion does not arise
when using the [UPAC nomenclature pteroyl-polyglutamate (PteGlu,): e.g. is pteroyl-

triglutamate (PteGlu,) = folate-triglutamate.

1.3. Folate Biochemistry

The major metabolic function of folate in vivo is as a carrier and donor of one carbon units

at various levels of oxidation. The successive two electron reduction of one carbon is as

follows:
2¢+2H" 2¢+2H" 2¢e+2H" 2¢ +2H'
COZ-L—) HCOOH %}HCHO -—&—-)HCI-QOH L—V HEE:

H,0 H,0O

The one carbon unit of carbon dioxide is sequentially reduced to formic acid,
formaldehyde, methanol and methane with two protons accepted at each stage, water is

release during the conversion of formic acid to formaldehyde and of methanol to methane.

1.3.1. Source of One-Carbon Units One carbon units at the level of formate can directly
enter the one-carbon cycle as formic acid in a reaction mediated by 10-CHO-THF synthase
[Fig 1.2; Enzyme 8] (Smith et al., 1980; Caperelli et al., 1980 ), or as a consequence of the
catabolism of histidine by glutamate formiminotransferase [Fig 1.2; Enzyme 15] (Tabor
and Wyngarden, 1959; Mackenzie and Baugh, 1980). Entry at the level of formaldehyde

occurs through the synthesis of 5,10-CH,-THF via -carbon transfer from serine in the
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cytoplasm and mitochondria [Fig 1.2; Enzyme 14] (Smith et al., 1980; Caperelli et al.,
1980) or via dimethylglycine dehydrogenase [Fig 1.2; Enzyme 11] (Wittwer and Wagner,
1980) sarcosine dehydrogenase [Fig 1.2; Enzyme 12] (Wittwer and Wagner, 1980) and
glycine cleavage [Fig 1.2; Enzyme 13] (Motokawa and Kikuchi, 1971; Hirage et al., 1972)
in the mitochondria. Enzymatic one-carbon unit inter-conversion occurs as shown in [Fig

1.2].

1.3.2. Utilisation of One-Carbon Units [Table 1.2] summarises the metabolic role of one-
carbon units in the production of functional cellular components, while a more detailed

discussion of these reactions is given in the following sections.

Pyrimidine Synthesis The relationship between folate derivatives and thymidine was first
determined by the ability of folate to replace thymidine or thymine as bacterial growth
factors (Stokes, 1944). We now know that the folate dependent reaction in the synthesis of
thymidine is the methylation of deoxyuridine monophosphate (dUMP) to produce
thymidine monophosphate ({TMP). The dUMP biosynthetic pathway is shown in [Fig 1.3]
(Mathews and van Holde, 1990). While the one-carbon unit transferred to dUMP is at the
methanol state of oxidation the one-carbon unit of 5,10-CH,-THF is at the formaldehyde
level of oxidation, the additional reducing equivalents are thus provided by donation of
two protons from the pteridine ring of THF. This reaction is the only metabolic reaction
whereby net oxidation of THF occurs, and is one of only two metabolic reactions whereby
there is a net change in the redox state of the pteridine ring of folate, the other being

reduction of DHF to THF.



Enzyme One Carbon

Reaction [Fig 1.2] o Oxidative State
Pyrimidine Synthesis:
dUMP - dTMP 2 5,10-CH,-THF = Formaldehyde
De novo purine synthesis:
Formylation of GAR 5 10-CHO-THF Formate
Formylation of AICAR 6 10-CHO-THF Formate
Methylation Cycle:
Methionine Synthesis 20 5-CH,-THF Methanol
Methyltransferases 22 SAM Methanol
Translation Initiation:
fMet-tRNAM Formation 9 10-CHO-THF Formate

Table 1.2. Metabolic function of one carbon donors.
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De Novo Purine Synthesis The metabolic origin of the atoms of the purine ring is shown
in [Fig 1.4]. As can be seen two of the purine carbon atoms are derived from the one
carbon units of folate. The two folate dependent reactions involve the transfer of one
carbon units at the formate level of oxidation to phosphoribosylglycimate (GAR; Fig 1.5,
Reaction 3) (Warren and Buchanan, 1957; Caperelli ef al., 1980) and
phosphoribosylaminoimidazolcarboxamide (AICAR; Fig 1.5, Reaction 9) (Flaks et al.,
1957). AICAR transformylase activity is contained on a bifunctional enzyme which also
has IMP cyclohydrolase activity, the final reaction in purine synthesis (Akira et al., 1997;
Ni et al., 1991; Y amauchi et al., 1995). The rat AICAR transformylase exhibits a high
degree of sequence homology with the human (91%) and chicken (83%) transformylase
but considerably less homology with the E.coli (37%) (Akira et al., 1997). While 5,10-
CH=THEF and 10-CHO-THF were traditionally thought to be the respective folate donors
for the formyltransferases (Hartman and Buchanan, 1959) it is now considered likely that
10-CHO-THEF is the sole carbon donor in both cases. This initial confusion may derive
from the apparent co-localisation of the formyltransferases on an enzyme complex
containing trifunctional enzyme activity (10-CHO-THF synthase, 5,10-CH=THF
cyclohydrolase and 5,10-CH,-THF dehydrogenase), as well as serine
hydroxymethyltransferase (Smith et al., 1980; Caperelli et al., 1980). Therefore while
5,10-CH=THEF is an apparent substrate for GAR transformylase, removal of the
trifunctional enzyme prevented the use of 5,10-CH=THF (Smith et al., 1980; Smith et al.,
1981; Dev and Harvey,1978a). In a similar vein, 10-formyl analogues of folate, chemically
engineered so as to be unable to form 5,10-bridges, were still substrates for GAR
transformylase (Smith et al., 1980). [6R]-10-CHO-THEF, the natural chiral substrate for the
enzyme (Km = 6.84M), may not have been identified as such in initial studies due to

contamination of the sample with its stereoisomer [6S]-10-CHO-THF (Ki = 0.75uM)



Fig 1.4. Origin of the carbon atoms of the purine base (Rowe, 1984).
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(Smith, 1981). This type of stereoisomer inhibition is unprecedented in one-carbon
metabolism.

Methylation Cycle Entry of one carbon groups into the methylation cycle is regulated by
the allosteric inhibition of MTHFR by SAM (Jencks and Matthews, 1987; Kutzbach and
Stokstad, 1971) or more likely, as SAH competes in a non-inhibitory manner for the SAM
binding site, by a ratio of SAM to SAH. The synthesis of 5-CH;-THF from 5,10-CH,-THF
is practically irreversible (K., = 10) (Kutzbach and Stokstad, 1971). Thus cycling of 5-
CH;-THEF is dependent on the methyl-transfer from 5-CH;-THF to methionine via the B,
dependent methionine synthase (MS) enzyme (Riidiger and Jaenicke, 1969). The folate
moiety is then free to enter the one carbon cycle as THF, while the methionine condenses
with ATP to produce SAM, phosphate and pyrophosphate (Kobt and Kredich, 1985 &
1990). As SAM synthase has a K; for SAM close to the physiological concentration of
SAM (Oden and Clarke, 1983) enzyme activity is regulated by fluctuations in cellular
SAM concentrations. In this case the reverse reaction is strongly prohibited due to the
energy required to reform the phospho-ester and phospho-anhydride bonds of ATP (Kobt
and Kredich, 1990). SAM is the universal one-carbon donor, forming SAH upon donation
of its methyl-group. The enzymatic hydrolysis of SAH is an ordered Uni-Bi reaction which
favours the reverse reaction (Porter and Boyd, 1991), with only the removal of products
driving the reaction forward. As SAH is inhibitory to the SAM dependent
methyltransferases, with K, values close to physiological concentrations [Table 1.3 & 1.4],
methyltransferase activity is dependent on the rate at which homocysteine (Hcy) and
adenosine are removed. Hey is removed by its remethylation to methionine, thus restarting
the methylation cycle, or by its catabolism via the transsulphuration pathway. Adenosine is
removed by its metabolism by adenosine kinase and adenosine deaminase (Chagoya De

Sanchez et al., 1991; Chagoya De Sédnchez et al., 1995).



Methyl-Transferase Ky SAM K; SAH

(M) (uM)

Epinephrine-O 570 15
Phenylethanolamine-N 10 1.4
Acetylserotonin 14 2

Glycine 100 35
Guanidoacetate 47 17
Histone 14 3:5
Gua-7 1.4 1

Phosphatidylethanolamine 1.6 1.4
Proteine 3 £

Table 1.3. Binding and Inhibition constants for SAM dependent

methyltransferases (Reproduced from Cantoni et al.., 1978)

Tissue Lol Lt
UM (£SD) uM (£SD)
Liver 23.506.1) 100.9 (40.8)
Kidney 8.4 (2.5) 41.4 (6.7)
Heart 5.8@3.2) 41.6 (12.1)
Muscle 51.(2.5) 23.6 (12.8)
Cortex 4.9 (2.0) 35161(132)
Cerebellum 3.8(1.4) 49.0 (10.6)
Striatum 3.8(0.7) 453 (10.6)
Spinal Chord 3.4(1.3) 34.1 (9.9)

Table 1.4. SAM and SAH concentrations in pig tissue. (Molloy et al.., 1990).



The feedback regulation and kinetics of the methylation cycle mean that regulation of the
methyltransferases is not due to SAM concentration alone but also to cellular SAH
concentration (Ingrosso ef al., 1997) and the rate of SAH metabolism (Kramer et al.,
1990). These are in turn dependent on the concentrations of homocysteine and adenosine
(DeCabo et al., 1995), and the rate at which they in turn are metabolised. Such regulation
can come in the form of circadian variation in the activity of SAH hydrolase and the
enzymes which metabolise adenosine (Chagoya De Sanchez et al., 1991; Chagoya De
Sanchez et al., 1995) or in the form of cell cycle specific variation in SAH hydrolase

activity (Ichikawa et al., 1985; Chiba et al., 1984).

The methylation cycle, therefore, not only provides a source of methionine for use in
protein synthesis but it also regulats the availability of reactive methyl-groups. Provision
of reactive methyl-groups by the methylation cycle occurs in two ways: Firstly the
reactivity of the methyl-group for "soft" polarizable nucleophilic substrates [see Fig 1.2] is
increased by transferring the methyl-group from the relatively inactive methyl-ammonium
centre of 5-methyltetrahydrofolate to the 1000-fold greater reactivity of the sulfonium
centre of the homocysteine moiety of SAM (Cantoni, 1975). The unreactive nature of 5-
CH;-THEF require the nucleophilic properties of vitamin B,, as co-enzyme to enable the
methyltransfer. Secondly the methylation cycle regulates transmethylation activity by

regulating methyl-groups synthesis, via allosteric inhibition of MTHFR and cycle kinetics.

Initiation of Translation Two forms of methionyl-tRNA (Met-tRNA) exist in E.coli, a
formylatable form, Met-tRNA M, which is used for the initiation of transcription and an

unformylatable form, I\/Iet—tRNAml“et , which can not be used for initiation but is instead



used for peptide elongation (review by Lengyel and Soll, 1969; Lucas-Lenard and
Lipmann, 1971). Unformylated Met-tRNAM can be misappropriated for use in peptide
elongation (Guillon et al., 1996) however, such misappropriation is limited by formylation
to formyl-Met-tRNA M (fMet-tRNA M) which increases affinity for initiation factor (IF2)
while reducing affinity for elongation factor Tu (EF-Tu) (Guillon et al., 1993). The Met-
tRNA M is therefore directed towards transcription initiation and away from peptide

elongation by its formylation.

In the mammalian mitochondria a single gene encodes the tRNAY* used in both peptide
initiation and elongation (Anderson ef al., 1982), but how the resulting gene product can
perform both functions is unknown. One proposal is that competition between EF-Tu and
the formyltransferase may regulate the ratio of fMet-tRNAM* to Met-tRNAM® (Takeuchi
et al., 1998). This proposal seems likely as fMet-tRNAM is required for the IF2,-
dependent initiation of transcription, while the unformylated form is required for EF-Tu
chain elongation in mammalian mitochondria (Lioa and Spremulli 1990; Schwartzbach
and Spremulli, 1989). Formylation of tRNA™* in mammalian mitochondria could therefore
play a more important role in the mammalian mitochondria than in bacteria as it may be

the sole means of differentiating between initiation and elongation.

The formyl donor to tRNAM in bacteria (Adams and Capecchi, 1966; Marcker, 1965) and
in the mammalian mitochondria (Takeuchi et al., 1998) is 10-CHO-THF. Met-tRNA M
formyltransferases (FMT) from E.coli has been isolated (Dickerman et al., 1967), cloned
(Guillon et al., 1992) and its crystal structure determined (Schmitt ef al., 1998), while the
mammalian mitochondria FMT has been partially purified and characterised (Takeuchi e?

al., 1998). The requirement for FMT in regulating cellular function is apparent from the
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retarded growth observed in E.coli constructs with aberrant FMT enzyme activity (Guillon

et al., 1992).

1.4. Folate-Polyglutamates

The discovery of polyglutamated forms of folate stemmed from the finding that crude
folate preparations contained biologically inactive compounds which "differ in biological
activities and physical properties" (Stokstad et al., 1948) from folate. Incubating the
"'potential’ folic acid" (Mimms. 1944) from a variety of sources with crude organ extracts
(Wright and Welch, 1943; Bird et al., 1946; Totter et al. 1944; Laskowski et al., 1945;
Binkley er al., 1944 ) or under acid or alkali conditions (Briggs et al., 1944) increased the
ability of these extracts to support the growth of folate-requiring bacteria, due to the
hydrolytic cleavage of the folate polyglutamate side chain, as folates with short glutamate
chained are better able to support the growth of L.casei (Tamura et al., 1972; Goli and
Vanderslice, 1992). Folate polyglutamates were once thought to be storage forms of the
vitamin because of this apparent biological inactivity (Shane, 1989). We now know this
inactivity is due to their low bioavailability due to decreased cell permeability. In vivo
glutamate chain length is regulated by the enzymatic addition or removal of glutamate
residues by folate-poly-y-glutamate synthases and folate conjugases, respectively.
Glutamate chain length regulates folate transport across the intestine and cell membrane
and folate storage while folate polyglutamates are better substrates for most folate

dependent enzymes.

Hil



1.4.1. Polyglutamate synthesis and Cleavage

Folate poly-y-glutamate synthase The kinetic mechanism of mammalian (Chichowicz and

Shane, 1987) and bacterial (Shane, 1980b; Bogner and Shane, 1983) folate-polyglutamate

synthase is ordered Ter-Ter:

MgATP Folate(Glu,) Glu MgADP Folate(Glu,,,) Pi
E EA EAB EABC¢->EXYZ EYZ EY i2)

The order of substrate binding and product release precludes sequential addition of
glutamate residues to enzyme bound folate, resulting in homologous elongation of the
glutamate chain in vivo (Thompson and Krumdieck, 1977; Baugh et al., 1975). The
mammalian enzyme exhibits a high degree of folate co-enzyme specificity [Table 1.5],
with co-enzyme specificity increasing significantly for chain lengths of diglutamate or
longer. Enzyme kinetics favour pentaglutamates formation [Table 1.6], the form
predominantly found in tissue, however enzyme-substrate interaction can limit chain
elongation (Chichowicz and Shane, 1987; Cook et al.,1987), resulting in retardation of

chain elongation (Cassady e al., 1980; Varela-Moreiras and Selhub, 1992).

Folate Conjugase / Hydrolase (y-glutamylcarboxypeptidases) Enzymes that deconjugate
folate polyglutamates were first identified by Wright and Welch (1943). Conjugase
activity has been detected in a number of different mammalian sources (Lakshmaiah and
Ramasa, 1975a) where they cleave the y-carboxyl bonds of glutamate to remove the

polyglutamate side chain. In humans this results in the formation of folate-monoglutamate
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n THF 5-CH;-THF Folic Acid 10-CHO-THF 5,10-CH,-THF
1 100 20 17 31 20

2 63 1.7 45 13 18

3 15 0 =5 | 4 4

4 i ND ND 0 3

3 2.2 ND ND 0 |

6 1.3 ND ND 0 0

7 0.5 ND ND 0 0

Table 1.5: Relative activity of the folate mono- and polyglutamate cofactors for purified

hog liver folate polyglutamate synthase. Reaction mixture contained 40uM folate substrate

(naturally occurring diastereoisomer) and activity expressed relative to THF (Chichowicz

and Shane, 1987).

Substrate

Mono- and Polylutamate Chain (n) Distribution Post Incubation

1 2 3 4 5 6 i
H,PteGlu, 24 28 2.4 10.2 50 9.8 0
H,PteGlu, 30 5 8.4 48 8 0
H,PteGlu, 38 10.2 44 g 0
H,PteGlu, 34 56 9.2 0
H,PteGlu, 90 10 0
H,PteGlu, 98.4 1.6

5CH,-H,PteGlu, 32 60 7.4 0.5 0.2 0 0

5CH,-H,PteGlu, 85.6 i 0.8 0.1 0 0

PteGlu, 48 106 13 28 1.4 0 0

Table 1.6: Glutamate chain length distribution of folate mono- and polyglutamate

substrates post 24 hour incubation with hog liver folate polyglutamate synthase.

Percentages in Bold is the percentage of unreacted substrate recovered post incubation.

(Cook et al.., 1987)



products while chicken conjugases produce folate-diglutamate (Goli and Vanderslice,
1991). In humans there would appear to be at least two forms of the enzyme: a serum
conjugase, which is probably derived, like the rat enzyme (Lakshmaiah and Ramasa,
1975b), from the liver and a jejunal conjugase. The jejunal conjugase has a lower apparent
molecular weight by gel filtration and a much higher thermostability (Lavoie et al., 1975).
Both human conjugases have a pH optimum of pH 4.5 (Goli and Vanderslice, 1991;
Lavoie et al., 1975; Lakshmaiah and Ramasa, 1975a), in contrast to the pH optimum of
about pH 7 found for conjugases from rat plasma (Tamura, 1998) and chicken pancreas

(Goli and Vanderslice, 1991).

1.4.2. Function of Folate-Polyglutamate Synthase and Conjugase

Folate Transport Natural folates (all except folic acid) are actively transported across the
intestine, with kinetics governed by glutamate side-chain length, shorter side-chains
having a higher bio-availability (Rosenberg, 1981). This specificity is in part a result of the
increased a-carboxyl charge of each additional glutamate residue, but may also be due to
transporter specificity. Conjugases in the jejunum therefore play a major role in folate bio-

availability (Bandari and Gregory 1990; Hoffbrand and Peters 1969).

Storage Dietary folate enters the serum in the monoglutamate form, while folate
polyglutamates, which might result from cell necrosis or apoptosis, are hydrolysed by
conjugases in the plasma. Folates are therefore present exclusively as monoglutamates in
serum. Within the cell, however, folates are predominantly found in polyglutamlyated
forms as elongation of the glutamate chain is the principle means by which cellular storage
occurs: polyglutamation increases folate binder affinity (Shane, 1989) while the increased

charge due to the a-carboxyl prevents free diffusion of the polyglutamats from the cell.
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Chain elongation may also prevent active transport by decreasing affinity for the
membrane transporter. In this manner a concentration gradient is maintained across the
cell membrane, requiring only the energy expenditure for polyglutamate formation (one

ATP converted to ADP per glutamate residue added).

The consequences of the inability to form folate-polyglutamates has been investigate in
Chinese Hamster Ovary “knock-out” cells which lack synthetase activity (AUX B1)
(McBurney and Whitmore, 1974). While these cells were still able to transport and utilise
folate their cellular concentrations were decreased due to decreased folate retention. Cells
transfected with E.coli folate-polyglutamase synthase (AUX B1-folC) were able to
synthesise folate-triglutamates and appeared to have similar folate retention and function
as wild type cells (Osborne et al., 1993; Lowe et al., 1993) suggesting that formation of

folate-triglutamates was the critical step in folate retention.

Compartmentalisation of folate within the cell is thought to occur via a similar mechanism.
Sarcosine dehydrogenase activity is confined to the mitocondria, thus while AUXB 1-folC
cells had normal folate retention and function they required an exogenous source of
glycine (Lin et al., 1993) as their folate polyglutamate synthase activity was confined to
the cytoplasm. However targeting folate polyglutamate synthase to the mitochondria, by
genetically encoding a mitochondrial presequence, resulted in mitocondrial folate

polyglutamate synthesis and removed the requirement for exogenous glycine (Appling,

1251,

Clinically, the consequences of retarded folate-polyglutamate synthesis are well
documented in the case of B, deficiency. 5-CH;-THF is the predominant form of folate

found in plasma (Perry and Chanarin, 1970), however as 5-CH,;-THF is a poor substrate
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for folate polyglutamate synthase (Chichowicz and Shane, 1987; George et al., 1987,
Cook et al.,1987) [see also Table 1.5] it must be converted to THF in the cell before it can
be polyglutamated. As the demethylation reaction is B,, dependent, a deficiency in this co-
enzyme can retard cycling to THF. B,, deficiency is therefore associated with reduced
folate uptake (Lavoie et al., 1974; Davidson et al., 1975; Shane et al., 1977) and cellular
concentrations (Gutstein et al., 1973; Perry et al., 1976). Moreover, the decrease in folate
concentration is greatest (Perry et al., 1976) for long chain (n > 3) folates, the more
biologically active form of folate. A similar disruption of polyglutamate formation is

observed with N,O inactivation of B, (McGing et al., 1978).

Regulation of Enzyme Activity by Polyglutamate Chain Length Most of the enzymes in the
one carbon cycle exhibit a greater affinity with increasing polyglutamate chain length (3
<n <6) [Table 1.7]. However, changes in V. are minor (2-3 fold at most).
Saccharomyces cerevisiae mutant lacking FPGS are auxotrophic for methionine and
growth is impaired in the absence of adenosine (Cherest et al., 2000). Of special
importance is the preference of methionine synthase for 5-CH,-THF polyglutamates as
they inhibit demethylation of 5-CH;-THF-monoglutamate at physiological concentrations
(Matthews et al., 1987) and are thus likely to inhibit the rate of exogenous folate

incorporation into the cell.

Folate polyglutamate synthesis has also been implicated in substrate channeling within
multifunctional complexes. In the formiminotransferase-cyclodeaminase complex [Fig 1.2;
Reactions 15 &16] use of short chain THF (n < 3) results in accumulation of the
intermediary, 5-formimino-THF (Mackenzie and Baugh, 1980). However, use of the
pentaglutamate substrate results in neither intermediary release nor lag in 5,10-CH=THF

formation. The methylenetetrahydrofolate dehydrogenase-methenyltetrahydrofolate
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K, Values for Folate Substrate

Enzyme Source Substrate
n=1 g=2 n=3 n=4 n=5 n=6 n="7
SEE Hisyele uis Pig Liver THF 56 3.9 7 0.07
transferase
MTHEF Reductase Pig Liver 5,10-CH,-THF 71 32 1.7 0.62 0.26 0.10 Q.51
MTHF Dehydrogenaset Pig Liver 5,10-CH,-THF 25 6.8 3
10-CHO-THF Synthase Clucker THF 67 4.1
Liver

Chicken
MTHEF Cyclohydrolase Eve: 5,10-CH=THF 20 4.3
Thymidylate Synthase* F"iﬁi‘g 5,10-CH,-THF 52 2 1.9 1.9 1.6 1.6 21

Chicken
AICAR Transformylase e 10-CHO-THF 84 0.72
Methionine Synthase* 5-CH,-THF 6 0.05

Table 1.7: Polyglutamate substrate specificity of folate utilising enzymes (from McGuire & Coward, 1984; tMackenzie and Baugh, 1980; *Shane,

1989).



cyclohydrolase function [Fig 1.2; Reactions 3 & 4] of C, synthase has a common folate
binding site which exhibits substrate channeling. The channeling observed increase
marginally with glutamate chain length (Mackenzie and Baugh, 1980).

Speculation has arisen as to whether regulation of enzyme activity, and therefore
metabolic flux, can occur due to modulation of the polyglutamate distribution (Krum. ez al.
'87). While changes in polyglutamate synthase activity (i.e. decreased during B,
inactivation by nitrous oxide or during folate depletion, increased during liver
regeneration) are unlikely to effect folate storage they may effect the chain length
distribution. Folate conjugase activity has been shown to modulate during the menstrual
cycle in rats (Krumdieck et al., 1975 & 1976) and with growth rate and phase of tumour
growth, while polyglutamate chain elongation occurs during folate deficiency. While it is
unlikely that slight modulation of polyglutamate chain length would significantly change
the substrate specificity [cf. Table 1.7] it may result in the partitioning of folate coenzymes

between the one carbon metabolic pathways.

Catabolic Products Conjugase activity may play a role in cell “housekeeping” as the
folate catabolites pABGlu and apABGlu are excreted as monoglutamates (Gregory et al.,
1995; McPartlin et al., 1992; McPartlin et al., 1993). While deconjugation may occur in
the plasma, post-clearance from the cell, it is probable that apABpolyGlu and pABpolyGlu

are as unlikely to cross the cell membrane as folate-polyglutamates.
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1.5. Folate Deficiency

1.5.1. Causes of Folate Deficiency

The causes of folate deficiency can be classified under a number of arbitrary headings.

Increased Folate Loss

Increased Folate Catabolism By far the greatest cause of folate loss is through its
catabolism (McPartlin et al., 1993; Geoghegan et al., 1995). Folate catabolism increases
during pregnancy (McPartlin et al. , 1993; McNulty ef al., 1992) and may also be
increased by use of anticonvulsant and antifolate drugs and possibly during chronic
alcohol consumption. Folate catabolism is one of the main topics of this thesis and is

discussed in greater detail in the introductions to [Chapters 3 & 5].

Increased Excretion While calculated values for the folate content of human milk vary
from 50ug/l to 82-99ug/l (Keizer et al., 1995; Mackey and Picciano, 1998; respectively)
they none the less represent a drain on maternal folate stores. Chronic haemodialysis has
also been shown to increased folate loss (Arnadottir et al., 2000; Sunder-Plassmann et al.,
2000; Bostom et al., 2000; Kimura et al., 2000) while acute alcohol consumption increases

urinary excretion in rats (McMartin, 1984).

Decreased Folate Intake

As humans are unable to synthesis folate (Kishore et al.; 1988, Haslam, 1993) the folate

lost due to folate catabolism and excretion of intact folate must be replaced. Thus, even
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under conditions of normal folate loss, a decrease in folate intake to below the level

required to replace this loss will result in folate deficiency.

Dietary Deficiency A major cause of folate deficiency is poverty, where groups on low
income are unable to afford, or are unaware of the benefits of, a diet sufficiently high in
folate rich foods, i.e. fresh fruit and vegetables (Rogers et al., 1998). This problem may be
further exacerbated by seasonal variability in the availability and price of fresh produce.
Poor food preparation techniques may result in destruction of folate by prolonged heating,
or by over refining grains; folate loss may also occur by leaching of the folates into the
cooking water (Herbert, 1961). While folate consumption is generally not effected by
ethical constraints, unlike say, vitamin B, in vegan diets, the folate composition of the diet
may be deficient for aesthetic reasons, dislike of vegetables, preference for boiled foods.
Psychological disorders such as bulimia or anorexia result in nutritional deficiency.
Chronic alcoholism or drug dependence can suppress appetite, cause lethargy or may

divert money from purchasing food.

Malabsorption: Medical disorders resulting in inflammation of the intestine (i.e. coeliac
disease (Kemppainen et al., 1998), tropical sprue, Crohne's disease; surgical removal of
part of the gastrointestinal tract, i.e. jejunal resection; decreased GIT pH, i.e. atrophic
gastritis, pancreatic insufficiency; mechanical blockage of folate transport by bacterial
overgrowth and congenital disorders resulting in poor folate transport. Chronic alcoholics
also have a decreased rate of absorption of water and electrolytes (Krasner et al., 1976)

which may also effect folate absorption.

Other Nutritional Factors The nature of the food matrix or food composition can effect

intestinal pteroylpolyglutamate hydrolase susceptibility and folate bioavailability (Tamura,
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1998; Seyoum and Selhub, 1998; Wei and Gregory; 1998). Vitamin B, deficiency can
cause folate deficiency, probably due to the "methyl-trap" hypothesis whereby 5-CH;-THF
entering the tissue is trapped in this form due to ineffective methionine synthase activity

and thus can not be polyglutamated for storage [see Section 1.4].

Other Factors Which May Cause Folate Deficiency

Increased Utilisation At times of increased cell proliferation, as in pregnancy and some
forms of cancer, the folate requirement for DNA synthesis increases. Sequestration of
folate by the placenta and embryo also represents a drain on maternal folate stores (Ek,

1980).

Drug Interaction The contraceptive pills is known to effect folate metabolism (Whitehead
et al., 1973; Durand et al., 1997, Lewis et al., 1998) possibly by effecting conjugase
activity (Krumdieck et al., 1974; Krumdieck et al., 1975) while there is a mutual
antagonism between folate and anticonvulsant drugs (Meynell, 1966; Hishida and Nau,
1998; Lewis et al., 1998). Cyclosporine may also effect folate metabolism as it has been
shown to positively correlate with homocysteine concentrations in post transplant subjects
(Coleet al., 1998). Chronic alcohol consumption causes altered folate metabolism (Weir et
al., 1985). Cigarette smokers have decreased red cell and serum folate concentrations
relative to non smokers (Mansoor et al., 1997, Lewis et al., 1998). Antifolate drugs used in
cancer therapy and as antibiotics can, by their very nature, alter folate co-enzyme

distribution and co-enzyme flux through the one carbon cycle.
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1.5.2. Classic Folate Deficiency

Chronology The earliest sign of possible folate deficiency is a decrease in serum folate
concentrations (Herbert, 1987), resulting from a negative balance between the rate at
which folate is absorbed and the rate at which it is taken up by the tissue, excreted or
catabolised. Thus within 2-3 weeks of negative folate balance serum folate concentrations
can fall to levels normally considered to be deficient (< 3 ng/ml). However such depleted
concentrations of serum folate are only reflective of the folate balance at the time of
sampling and need not be indicative of cellular folate deficiency, either current or
impending. However, if folate utilisation continues to exceed folate absorption

concentrations of both red cell and tissue folate would begin to fall.

A truer indicator of tissue folate concentrations is the red cell folate (RCF) concentration.
During prolonged dietary inadequacy as tissue folate concentrations fall so also do RCF
concentrations. Thus, RCF concentrations of less than 160 ng/ml are indicative of a
underlying deficient in tissue folate reserves: while reserves are sufficient to satisfy current
requirements, as determined by normal biochemical and clinical function, they may not be
sufficient if folate utilisation increases, as during pregnancy, or if the folate inadequacy is

prolonged.

Itis only as RCF concentrations fall below approx. 120 ng/ml that the first biochemical
("subclinical") markers of folate deficiency become apparent, characterised by increased
thymidine salvage and incorporation into the DNA, relative to de novo synthesis from
deoxyuridine [See below]. As rapidly dividing cells are most sensitive to folate deficiency,
signs of "subclinical deficiency" first appear in bone marrow cells, appearing soon

afterwards in peripheral lymphocytes.
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The final stage of folate deficiency, as RCF concentrations fall below 100 ng/ml, is
associated with the development of megaloblastic anaemia and decreased hemoglobin
levels. Folate deficiency can also cause neurodegenerative effects, but as folate
concentrations are relatively high within the brain and cerebrospinal fluid (Herbert and
Zalusky, 1961; Varela-Moreiras and Selhub, 1992), this neuropathy may only occur in the

case of prolonged or severe folate deficiency.

Pathology

Deoxyuridine Suppression Under normal metabolic conditions the thymidine salvage
pathway is suppressed by feed back inhibition of thymidine kinase by thymidine
triphosphate (dTTP) (Pelliniemi and W. Beck, 1980; Ellims and Van der Weyden, 1981;
Sasvdri Székely et al., 1985; Just et al., 1975; Lee and Cheng, 1976). dTTP is therefore
preferentially synthesised, de novo, from deoxyuridine monophosphate ({UMP), or its
precursors (i.e. deoxyuridine (dU) [See Fig 1.3]. However at times of decreased TS
activity, as during folate deficiency (Waxman et al., 1969), the ratio of thymidine salvage
to de novo synthesis increases as synthesis from dUMP is retarded, decreasing dTTP
concentrations and reducing feedback inhibition of thymidine kinase. Thus "subclinical"
folate deficiency, and consequently more severe folate deficiency, can be diagnosed by the
inability of exogenous dU to suppress "salvage" of exogenous radioactive thymidine,
resulting in increased incorporation of radiolabel into the DNA (Pelliniemi and W. Beck,
1980). This is the basis for the functional test of folate deficiency, the "dU suppression

test" (Metz, 1984).

Megaloblastic Anaemia Cells in the G, and G, phases of cell growth contain only one set
of DNA (2d), however during the S-phase of cell growth the nucleus enlarges as its

undergoes DNA replication in preparation for mitosis (2d = 4d). The majority of cells in a
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population are normally in the resting state (2d) with only a small percentage in the S-
phase. However depletion of 5,10-CH,-THF, as occurs during folate or B, deficiency,
cause a decrease in the rate of dTTP synthesis, retarding the rate of DNA replication and
passage of cells through the S-phase. As entry into the S-phase is uninhibited the number
of cells in the S-phase increases, resulting in a cell population that is apparently rapidly
proliferating, but whose replication is actually retarded. The resulting megaloblastic
anaemia (Greek: megas = large, blaste = germ) is characterised by a proliferation of
enlarged cells. Cell enlargement is due to both hypersegmentation of the nucleii and
cytoplasmic enlargement due to nuclear-cycoplasmic asynchrony (RNA synthesis

continues unimpeded despite the slowing of DNA synthesis).

Complications of Pregnancy The first association between megaloblastic anaemia and
nutritional deficiency was reported by Lucy Wills in 1931, this "pernicious anaemia of
pregnancy" was as a result of women, whose folate status would normally be borderline or
even "sub-clinically" deficient, becoming clinically folate deficient due to the increase in

folate requirement in pregnancy.

Vollset et al. (2000) showed that risk of pre-eclampsia, prematurity and very low birth
weight was greater in mothers with the highest quartile of tHcy relative to those in the
lowest quartile and that there was a correlation between tHcy and still-birth and a
significant association with development of NTDs. Elevated tHcy are also associated with
increased risk of spontaneous abortion (Steegers-Theunissen et al., 1992; Wouters et al.,
1993). Folate deficiency is associated with increased risk of low birth weight, due to
retarded fetal growth and premature birth. A literature review by Scholl and Johnson
(2000), showed that of 34 studies involving women, 24 showed that (i) there was an

associated between low folate concentrations or high homocysteine concentrations (pre or
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post methionine loading) and low birth weight, spontaneous abortion or premature birth, or
(i1) that folate supplementation decreased the risk of these deleterious events occurring.
Two of these studies reported adverse effects of folate supplementation. However, one of
these studies showed no significant adverse effect when multiple pregnancies were
excluded. The other study recorded a 1.8% increase in spontaneous abortions (from

11.2%) with supplementation. However, as the number of diagnosed pregnancies also
increased (up 3.4% from 67.1%) this effect may have resulted from the survival, to
detection, of zygotes which would normally have aborted pre-detection. The 7 remaining
studies showed no significant effect of either intervention or nutritional status on outcome

of pregnancy.

Neuropathy Neurodegenerative effects of folate deficiency, though less common than
those of B, deficiency, have been reported (Pincus et al., 1972; Reynolds et al., 1973;
Manzoor and Runcie, 1976). The etiology is thought to be similar in both deficiencies:
hypomethylation of the neural myelin sheath resulting in myelin instability. The rarity of
neuropathy due to folate deficiency, relative to that of other diseases of folate deficiency,
1s thought to be due to preferential retention of folate within the brain and cerebrospinal
fluid (Herbert and Zalusky, 1961; Varela-Moreiras and Selhub, 1992), perhaps in part due
to an efficient blood-brain barrier. An outcome of folate deficiency in tissue is elongation
of the polyglutamate chain (Cassady et al., 1980; Varela-Moreiras and Selhub, 1992).
Thus, while feeding rats a folate deficient diet causes a 20-25% elongation of the mean
folate polyglutamate chain length in the liver, kidney and spleen, the increase in chain

length in the brain was less than 6% (Varela-Moreiras and Selhub, 1992).
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1.5.3 New Paradigm of Folate Deficiency

Cancer Several reports have linked deficient nutritional intake or status of folate and/or
methionine with the onset or development of colorectal cancer (Giovannucci et al., 1993,
1995 and 1998), pancreatic cancer (Stolzenberg-Solomon et al., 1999), breast cancer
(Zhang et al., 1999; Rohan et al., 2000), cancer in ulcerative colitis (Lashner, 1993) and
Wilms tumors (Qu ef al., 1999) in humans, and liver cancer in rats (Pogribny ef al., 1997a
and 1997b) and mice (Tao et al., 2000). An association, while not significant, has also
been shown between folate supplementation and protection against cancer associated with
ulcerative colitis (Lashner ez al., 1989 and 1997). The etiology of carcinogenesis resulting
from deficiency is likely to be multifactorial. However, understanding of at least two

mechanisms, induction of DNA strand breaks and cytosine hypomethylation, is increasing.

DNA Strand Breaks Folate deficiency has been shown to induce DNA strand breaks both
invivo (Kim et al., 1997, Blount et al., 1997; Pogribny et al., 1997b) and in vitro (Duthie
and Hawdon, 1998), as well as delaying DNA repair (Choi et al., 1998; Duthie and
Hawdon, 1998). In humans a correlation has been observed between plasma homocysteine
concentration and the severity of DNA strand breakage in older men (60.6+1.0 years)
(Fenech et al., 1997), and in the young men and women (25.5+0.6 years) with the most
DNA damage (top 50%) (Fenech et al., 1998). The rate of DNA strand breakage decreased
in the young men and women when supplemented with folic acid and B,, (Fenech et al.,

1998) .

One of the main causes of DNA instability is thought to be the aberrant incorporation of
uracil into DNA. Uracil is a RNA base, however it may also appear in DNA due to

deamination of the cytosine base pair in situ, at a rate of 100-500 uracil bases per day (data
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derived from Lindahl, 1993), or misincorporation of dUTP, in place of dTTP, during DNA
replication or repair. Where uracil mismatches do occur they are removed by uracil-DNA
glycosylase which flips the uracil base from the DNA major groove and cleaves it from the
deoxyribose backbone (Slupphaug et al., 1996), the DNA backbone is then cleaved by
apurinic/apyrimidinic (AP) endonuclease (Mol ef al., 1995) and replaced with the correct
nucleotide by DNA polymerases (Lindahl, 1993). As the DNA polymerases are unable to
distinguish dUTP from dTTP during DNA replication/ repair the cellular concentrations of
dUTP are kept low by the action of dUTP phosphorylase to prevent misincorporation
(Bertani et al., 1963). However, under conditions of one-carbon deficiency the risk of
dUTP misincorporation increases as the ratio dUTP : dTTP increases (James et al., 1997),
while the rate of cytosine deamination may be increased due to cytosine hypomethylation.
The resulting uracil accumulation in the DNA is then compounded by defective excision
repair (Duthie and Hawdon, 1998; Choi et al., 1998; Duthie and McMillan, 1997). This
increases the chance of two uracil excision repairs occurring within 12 base pairs of each
other on opposing DNA strands, a distance shown to be critical in the formation of double
strand breaks (Dianov et al., 1991), partly accounting for the increased DNA instability
and strand breakage observed (Duthie and Hawdon, 1998; Blount et al., 1997, Pogribny et

al., 1997b).

From these results it would appear that induction of DNA instability by one-carbon
deficiency is dependent on dUTP accumulation. However while dUTP accumulation
probably plays a part, DNA hypomethylation alone can cause DNA instability, as is
observed in genetic constructs lacking the DNA methyltransferase gene Dnmtl (Chen et

al., 1998).
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Cytosine Hypomethylation: CpG islands are 0.5-5 kd 5'-CG-3' rich regions of DNA. In
mammalian cells these regions are initiation sites for DNA replication (Delgado, 1998).
Methylation of the CpG islands is involved in the epigenic regulation, i.e. inheritance of
information on the basis of gene expression as opposed to inheritance on the basis of gene
sequence (genetics), and differential regulation of gene transcription. Methylation of the
CpG promoter regions of a gene can regulate transcription directly by inhibiting
transcription factor binding (Tao et al., 2000 Steiner et al., 1982; Vardimon et al., 1982;
Wolf and Migeon, 1985) or indirectly by initiating chromatin formation (see below). In the
case of transcription factor binding, the extent of transcriptional repression is an
exponential function of CpG methylation density (Hsieh, 1994). However repression can
be overcome by increasing promoter concentration. Regulation of CpG island methylation
may play a part in regulating gene transcription and cell differentiation, as the extent of
DNA methylation is tissue specific (Gama-Sosa et al., 1983; Ehrlich et al., 1982) and

changes during tissue maturation (Gama-Sosa ef al., 1983) in mammalian cells.

One form of epigenic regulation of gene transcription (gene silencing, genomic imprinting)
is stable chromatin formation. Chromatin formation is initiated by the binding of methyl-C
binding proteins (MeCP1 and MeCP2) to the methylated CpG motif (Nan e? al., 1998;
Cameron et al., 1999, reviewed in Razin, 1998), this initiates recruitment of the
transcription repression complex containing the corepressor protein, mSin3A, and the
histone deacetylases HDAC1 and HDAC2 (Nan et al., 1998; Cameron et al., 1999), these
two deacetylases stabilise the chromatin by deacetylating histones H3 and H4. During
DNA replication methyltransferases (possibly Dnmt3a and Dnmt3b (Okano et al., 1998))
methylate the nascent DNA strand within the replication fork (Gruenbaum et al., 1983),
this 1s thought to initiate chromatin activation, causing gene inactivation in the region

(Razin, 1998). Chromatin formation has been cited as one possible locus of epigenics,
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where the vast majority of the mammalian genomic sequence is silenced by recruitment of
chromatin to the clonally inherited methylated CpG regions. Examples of epigenic gene
regulation include genomic imprinting in autosomal genes inheritance, where one parental
copy is silenced (Wuta et al., 1997, reviewed by Bartolomei and Tilghman, 1997), and X-
chromosome inactivation in mammals (reviewed by Heard et al., 1997). The importance of
chromatin in regulating gene transcription is apparent from the high degree of homology
and the low level of genetic drift observed between H3 and H4 from pea seedling and calf
thymus (DeLang ef al., 1969). The unit evolutionary periods for these two organisms, i.e.
the time it takes for sequence homology to diverge by 1%, for H3 and H4 were calculated

to be 300 and 600 million years, respectively.

CpG hypomethylation has been associated with a number of carcinoma types including
Wilms tumors (Qu et al., 1999) (typified by frequent chromosome 1 and chromosome 16
pericentromeric rearrangements), ovarian epithelial carcinoma (Qu et al., 1999) and breast
cancer (Bernardino et al., 1997), while the pericentromeric rearrangements observed in the
rare genetic disease ICF (immunodeficiency, centromeric heterochromatin instability, and
facial anomalies) is thought to be due to the associated hypomethylation of chromosome 1
(Gt et al. 1997) as similar hypomethylation and pericentromeric rearrangement of

chromosome 1 are observed with DNA methyltransferase inhibition.

Thus, nutritional one carbon deficiency can cause DNA hypomethylation and increasing
risk of carcinogenisis. Mice on methyl-deficient (low methionine and betain) diets exhibit
DNA hypomethylation and A-ras, c-myc and c-fos protooncogene activation (Henning and
Swendseid 1996; Wainfan and Poirier 1992) while inhibition of the methylation cycle also
activates gene expression (Chiang et al., 1992). The carcinogens trichloroethylene,

dichloroacetic acid and trichloroacetic acid cause hypomethylation of the CCGG promoter

27



region of ¢-jun and c-myc, up-regulating gene expression (Tao et al., 2000), however
concurrent methionine supplementation prevented demethylation, blocking mRNA and

proteins expression.

The role of DNA methylation in cancer development is further complicated by the finding
that regional hypermethylation in the CpG promoter region of several tumour suppressor
genes can occur despite global DNA hypomethylation (Baylin ef al., 1995). Similar results
have been demonstrated in folate / methyl-deficiency where hypermethylation of the p53
promoter region was observed in tumour cells (Pogribny e al., 1997). This methylation of
the gene sequence must have occurred de novo as the corresponding region in
preneoplastic nodules was hypomethylated. Thus, a further etiology of tumour
development may be selective (re)methylation of the promoter region of tumour
suppressor genes, resulting in repressed transcription of the tumour suppressors. A review
of the role of tumour suppresser gene inactivation in cancer epigenetics is given by Jones

and Laird (1999).

Neural Tube Defects Neural tube defects (NTDs) are malformations of the spinal column
resulting from the non-closure of the neural plate in the developing embryo. Incomplete
closure of the spinal column results in spina bifida, the severity of which can vary,
depending upon the size of the aperture left open and the degree of hydrocephalus, from
clinically undetectable to paralysis of the lower limbs and bladder and mental retardation.
In severe cases anencephaly occurs, whereby the cerebral hemispheres are malformed, a
deformity inimical to life. The first report showing a prophylactic effect of folic acid
supplementation in preventing neural tube defects was published in 1980 (Smithells ef al.,
1980) and followed up in 1983 (Smithells et al., 1983). However, as a requirement for

attaining ethical approval for the study Smithells's group were required to supplement all
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subjects presenting with folate deficiency (Editorial: Eur. J. Obstet. Gynecol. Reprod.
Biol., 1999), as a consequence both studies were unable to use a randomised placebo
group as controls and instead used the normal (non-recruited) hospital birth population for
statistical comparison. Thus the link between supplementation and decreased risk was not
satisfactorily proven. This proof awaited a stringent placebo control randomised study
(MRC Vitamin Research Group, 1991) which showed that nearly three quarters of NTDs
could be prevented by periconceptional folic acid supplementation. As a result of this
finding the Irish Department of Health (Food Safety Advisory Board, 1997), the UK
Department of Health (Expert Advisory Group, 1992) and the U.S. Public Health Service
(Public Health Service, 1992) recommended that women who are pregnant, or are
cosidering becoming pregnant, should take 400 pg folic acid per day to reduce the risk of

neural tube defects.

Etiology The etiology of NTD has still not been determined, and thus the role folic acid
supplementation plays in its prevention remains unclear. However the finding that folate
supplementation can reduce the incidence of NTDs, that a folate enzyme polymorphic
genotype is over-represented in the mothers of NTD affected children [see below] and that
an elevation in tHcy is associated with an increases risk of NTD (Vollset et al., 2000),
suggests that aberrant folate metabolism, possibly resulting in a generalised one-carbon
deficiency, may be a significant factor in the development of nearly 70% of NTD (MRC

Vitamin Research Group, 1991).

One possible role of one-carbon deficiency in NTD development may be disruption of
methyltransferase activity. This may retard synthesis of products, such as myelin and
phospholipid, required for neural tube development. Alternatively NTDs may be caused by

disruption to gene transcription, or by DNA instability and chromosomal rearrangement in

29



a manner similar to that in carcinogenesis. The suggestion that homocysteine may itself be
teratogenic has arisen from the finding that it can induce neural tube and cardiovascular
defects in avian embryos (Rosenquist et al., 1996). However, it is not clear whether this
was as a result of methyltransferases inhibition (DeCabo et al., 1995) or some other

physiological effect.

Of relevance to the etiology of NTDs was the finding that in the splotch mouse embryo
model for NTD the homozygous mice displayed a greater requirement for exogenous
thymidine than wild-type or heterozygous mice (Fleming and Copp, 1998), suggesting that
thymidine synthesis was defective as both folic acid and thymidine were protective against
NTDs in vitro and in utero and suppressed [*H]-thymidine incorporation. Surprisingly,
however, it was found that methionine supplementation increased [*H]-thymidine salvage
and caused NTDs in 47% of the heterozygous mice, mice which did not normally develop
NTDs. These results suggest that NTD occurrence in splotch mice is due to thymidine
deficiency, a perturbance that may be exacerbated by an altered folate distribution due to
feedback inhibition of MTHFR by SAM. A further confounding factor in our
understanding of how the one-carbon cycle may be involved in the ethiology of NTD is
the fact that sploch mice are not mutated in genes related to folate metabolism, instead
they are mutated in the Pax3 gene. The Pax3 transcription factor is thought to regulate the
N-CAM, N-cadherin, c-met, MyoD, Myf-5 and versican genes. The relevancy of the sploch
model of NTD development to the human disease is not clear, but suggest that genetic

causes of the disease may not be reserved solely to mutations of the one-carbon cycle.

Down Syndrome Down syndrome is a neurological and dysmorphic disorder resulting

from abnormal chromosomal segregation during meiosis (meiotic nondisjunction), causing
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the transfer of an extra copy of chromosome 21 (trisomy 21) and expression of 3 copies of

the genes located on chromosome 21 (reviewed by Epstein, 1995).

As the nondisjunction event is maternal in about 95% of cases it is noteworthy to find that
mothers of Down syndrome babies are metabolically compromised in their ability to
metabolise folate (James et al., 1999), having significantly higher plasma homocysteine
concentrations and greater susceptibility to perturbations in folate metabolism. The higher
homocysteine and lower methionine concentrations observed in mothers with Down
syndrome mean they have a two fold higher homocysteine to methionine ratio in plasma
than non-affected mothers. It is therefore possible that the pericentromeric rearrangements

observed may have a similar etiology to carcinogenesis.

Other Birth Defects Mothers who took multivitamins, containing folic acid, for =1 month
pre- and > 2 months post conception had a reduced risk of delivering a child with limb
defects and, when adjusted for confounding factors, a reduced risk of conotruncal heart
defects (Shaw et al., 1995). However, this association cannot separate the potential
protective role of folic acid from that of the other vitamins in the multivitamin. The overall
incidence of those congenital malformations classified as occurring in the first 5-6 weeks
of gestation, i.e. NTD's, microcephalus, anomalies of the eye or ear, cleft lip, etc.,
decreased significantly when mothers began supplementation before or within the first 5
weeks of pregnancy, relative to mothers who began supplementation after this period

(Ulrich et al., 1999)

Cardiovascular Disease The first report connecting elevated tHcy and risk of
arteriosclerosis was published in 1969 (McCully, 1969). Since then numerous studies have

been published showing an association between homocysteine concentration and increased
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risk of cardiovascular disease (Graham et al., 1997; Clarke et al., 1991), including
extracranial carotid-artery stenosis (Selhub et al., 1995), ischemic heart disease (Wald et
al., 1998) and coronary artery disease (CAD) (Pancharuniti et al., 1994). Meta-analysis of
the results from 27 studies relating homocysteine to artheriosclerotic vascular disease
(Boushey et al., 1995) showed that tHcy was an independent graded risk and that the
increase in risk of CAD due to a 5 ymol/l increase in tHcy was comparable to that from a
0.5 mmol/l increase in cholesterol. The overall conclusion of this review was that,
assuming a causal link between CAD and tHcy, the fortification of food with folic acid had
the potential to reduce deaths from CAD by 13,500 to 50,000 annually in the United
States. A more recent review of the literature (Eikelboom et al., 1999) has shown the risk
from tHcey to be independent of the classic cardiovascular risk factors. However, they also
highlight the lack of evidence to show a causal relationship between tHcy and
cardiovascular risk. Studies looking at nutritional folate intake have shown an inverse
association between folate intake and risk of carotid-artery stenosis (Selhub et al., 1995),
while men (Rimm ef al., 1996) and women (Rimm et al., 1998) who consumed the least
(by quintite) folate or vitamin B, were at greater risk from coronary heart disease than
those in the highest quartiles and that women who took multi-vitamin supplements were at
less risk from coronary heart disease than those who did not (Rimm e al., 1998). While
these three studies go some way towards proving a link we must await the results of

randomised clinical trials for a definitive answer.

Other Disorders Associated With Folate Deficiency

Depression: A low folate (Fava et al., 1997) or vitamin B,, (Pennix et al., 2000) status has

been associated with an increased risk of severe depression.



Alzheimer’s Disease An inverse correlation was observed between the severity of atrophy
of the neocortex and serum folate status in subjects with Alzheimer disease (Snowdon et

al., 2000).

Amnesia Methotrexate-induced folate deficiency has been shown to disrupt memory

function, resulting in amnesia, in young chicks (Crowe and Ross, 1997).

Cataracts People in the lowest quintile of folate intake were shown to be more at risk of

developing cataracts than those in the highest (Tavani et al., 1996).

Hearing Loss An inverse correlation was observed between red cell folate and serum
vitamin B,, concentrations and severity of age related auditory dysfunction in elderly
women (60-71y) (Houston et al., 1999). Likewise the incidence of serum B,, deficiency
was higher in subjects with chronic tinnitus than in subjects with either noise-induced

hearing loss or controls (Shemesh et al., 1993).

1.5.4. Enzyme Polymorphism and Folate Requirement

Up to this point folate sufficiency has been discussed in relation to an empirical measure
of folate concentration. However the discovery of an association between a maternal
homozygous mutation (677C>T) of MTHFR and risk of having a child affected by NTDs
has generated interest in gene-nutrition interactions, that is the role of enzyme
polymorphism and nutritional requirement. In an Irish study group (case: n = 82; control: n
= 99) mothers with children affected by NTDs had three times the prevalence of the
677TT mutation (18.3%) as a matched control group (6.1% ) (Whitehead et al., 1995). A

similar result was found for mothers of Down syndrome (DS) children (James et al., 1999)
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where the 677TT variant in DS mothers (14%) was nearly twice that in the control mothers
(8%). This result was not significant (p < 0.1) due to the small number of subjects,
however, the combined mutant frequency (677CT + 677TT) was significantly (p < 0.03)
higher in DS mothers (73.6%) than in control mothers (52%). The C677T mutation results
in substitution of valine for alanine in the transcription product, resulting in 35% and 70%
decreases in specific activity, respectively, for the heterozygous and homozygous

enzymes, relative to wild type enzyme (Frosst et al., 1995).

The possible involvement of other one-carbon utilising enzymes in the etiology of DS was
suggested by the finding (James et al., 1999) that DS mothers homozygous for the wild
type (677CC) enzyme has twice the homocysteine to methionine ratio of control mothers
(p < 0.001) while lymphocytes from DS mothers were more sensitive to methotrexate than
control mothers, even when selected by 677CT genotype (p < 0.02). The suggestion that
Down syndrome in 677CT mothers may be due to its combination with another genetic
polymorphism(s) deserves attention both in the case DS and in the case of NTDs. One
target for investigation might be another mutation of MTHFR, 1298A > C as heterozygotes
for the combined mutation (A 1298C and C677T) have lower MTHFR enzyme activity
than subjects with the homozygous C677T variant. As an increasing number of genes
involved in folate metabolism are cloned it is likely that further genetic-environmental
interactions will be unmasked (Rosenblatt, 1999). Increased incidence of the homozygous
C677T polymorph has also been reported in subjects with ulcerative colitis (17.5%) and

Crohn's disease (16.8%) relative to control subjects (7.3%) (Mahmud et al., 1999).

It is apparent that such obviously deleterious mutants such as the C677T MTHFR
polymorphism must confer some evolutionary advantage to persist at such a high

frequency. Two cases where MTHFR polymorphism may confer benefits are acute
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lymphocytic leukemia (ALL) (Skibola et al., 1999) and colorectal cancer (Chen et al.,
1996; Ma et al., 1997). The risk of having ALL was reduced 4.3 fold (CI =1.2-16.7) in
subjects homozygous for 677TT and 3.0 fold (CI = 1.4-6.7) for those with MTHFR
1298AC. When adjusted for age and smoking habits, C677T homozygous subjects had a
2-fold decrease in risk (OR, 0.50; 95% CI, 0.27-0.92) from colorectal cancer relative to

subjects with the wild type or hetrozygous enzyme (Ma et al., 1997).

One proposed mechanism whereby mutations of MTHFR may protect against ALL is by
altering the distribution of folate co-enzymes in vivo. Skibola et al. (1999) proposed that
the decrease in MTHEFR activity due to the polymorphic mutation may alter the folate
distribution in vitro, so that 5,10-CH,-THF concentrations might be higher in the subjects
with the homozygous or heterozygous mutation than subjects with the wild type enzyme.
This theory is consistent with the finding that 30% of folate found in the red cells of
homozygous 677TT subjects was found as 10-CHO-THF unlike the 100% found as 5-
CH;-THEF in subjects with the wild genotype (677CC) (Bagley and Selhub, 1998). While
not 5,10-CH,-THEF as predicted by Skibola et al. the 10-CHO-THF is readily converted to
5,10-CH,-THF without dependence on MTHEFR [Fig 1.2]. Furthermore, any 10-CHO-THF
circulating in the plasma would be readily polyglutamated upon entry into the cell [Table

1.6], and thus would be retained by tissue without prior removal of the one-carbon unit.

The occurrence of the homozygous C677T mutation is lower in Irish and Dutch population
than in most other populations assessed [Table 1.8], yet the Irish (Eurocat Working Group,
1991) and the Dutch (anecdotal evidence) have two of the highest reported incidence of
NTDs. It would be interesting to speculate that other factors, genetic or environmental,
may have outweighed the benefits of having the 677TT mutation, thus suppressing its

prevalence, factors that are reflected in the high incidence of NTDs in these groups.
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Controls  Controls®

Nationality (n) %TT
Irish felel 6.1
242° 8.3
73" D
Dutch 207° 4.8%
[talian 289 16.3%
Australian 235¢ 10.7%
British 199" 12%
French Canadian 114" 12%
Japanese 674’ 14.5%

Table 1.8: Distribution of the homozygous MTHFR 677TT genotype among
several different nationalities. *Distribution of the TT genotype in the normal
healthy population. (from *Whitehead et al., 1995; “Molloy et al., 1997;
PMahmud et al., 1999; Evan der Put et al., 1995; de Franchis et al., 1995;
“Wilcken and Wang, 1996; "Papapetrou et al., 1996; 'Frosst et al., 1995;

'Kimura et al., 2000).



1.6. Biogenesis of Folate

While the folate biosynthetic pathway are similar in both plants and bacteria this
review is confined mostly to the discussion of bacterial folate synthesis. The review will
firstly deal with the independent synthesis of the pteridine and pABA moieties of folate

before discussing their condensation and conversion to folate.

1.6.1. Pteridine Biosynthesis [Fig 1.6]

GTP Cyclohydrolase GTP cyclohydrolase is a homodecameric enzyme (Nar ef al., 1995),
five diamer subunits forming a ring structure. The enzyme catalyses the conversion of
GTP to formate, through the expulsion of the 8-carbon of the guanine ring (Vieira and
Shaw, 1961; Levy, 1964; Reynolds and Brown, 1964; Shiota and Palumbo, 1965;
Levenberg and Kaczmarek; 1966; Burg and Brown, 1966; Yim and Brown, 1976; Guroff
and Strenkoski, 1966), and dihydroneopterin-triphosphate (DHNpt-Pi;) (Burg and Brown,
1968; Yim and Brown, 1976;Bracher et al., 1998; Howell and White, 1997; Cone et al.,

1974; Plowman et al., 1974).

The enzyme has been purified to apparent homology from E.coli (Burg and Brown, 1968;
Yim and Brown, 1976; Bracher et al., 1999; Nar et al., 1995) and Comamonas Sp. (Cone
et al., 1974), while two isoforms of the enzyme have been identified in Lactobacillus
plantarum (Jackson and Shiota, 1971). This enzyme is the committal step in the synthesis
of pteridines from purines in both plants and bacteria. While a structurally and functionally
similar GTP cyclohydrolase enzyme is present in humans (Fischer et al., 1997; Hasler and
Niederweiser, 1986; Nagatsu et al., 1986; Ichinose et al., 1995), mice (Hasler and

Niederweiser, 1986; Duch et al., 1986; Ichinose et al., 1995), rats (Hirayama and Kapatos,
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1997; Hasler and Niederweiser, 1986; Duch et al., 1986), chickens (Giitlich et al., 1997,
Hasler and Niederweiser, 1986) and other vertebrates (Hasler and Niederweiser, 1986),

these higher organisms are unable to synthesise folate (Kishore and Shah, 1988; Haslam,
1993), instead it acts as the committal step in the biosynthesis (Hasler and Niederweiser,

1986) of other functional pteridines such as biopterin (Dhondt, 1986).

Dephosphorylation of Dihydroneopterin-Triphosphate DHNpt-Pi; dephosphorylation
occurs in two steps: The B-y-phosphate groups of DHNpt-Pi; are first cleaved by
dihydroneopterin-triphosphate pyrophosphohydrolase (Suzuki and Brown, 1974), the a-
phosphate is then removed by an unidentified phosphatase. The dephosphorylate end
product, dihydroneopterin (DHNpt), is a better substrate for folate synthesis than DHNpt-
P15, whose incorporation into folate could be inhibited by the phosphatase inhibitor

arsenate (Burg and Brown, 1968).

Cleavage of the Dihydroneopterin Side-Chain 1t has been long known (Shiota ef al., 1964;
Shiota, 1959; Brown et al., 1961; Shiota and Disraely, 1961; Weisman and Brown, 1964;
Reynolds and Brown, 1964) that the pteridine precursors of folate are one-carbon
substituents of carbon-6, and not three-carbon substituents like DHNpt, so it was assumed
that the dihydroxypropyl chain must be cleaved. The enzyme that cleaves the C1'-C2' bond
of DHNpt, dihydroneopterin aldolase, has been identified (Jones and Brown, 1967),
purified (Mathis and Brown, 1970; HauBmann e al., 1998) and over-expressed
(HauBmann et al., 1997) in E.coli. The products of the enzyme are glycolaldehyde (Mathis

and Brown, 1970; Brown, 1970) and 6-hydroxymethyl-dihydropterin (DHpt-CH,OH).
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1.6.2. para-Aminobenzoic Acid Biosynthesis [Fig 1.7]

Biosynthesis of Shikimic Acid from Glucose The initiating reaction (Srinivansan et al.,
1955) in the biosynthesis of shikimic acid is the condensation of erythrose-4-phosphate (E-
4-P) with phosphoenolpyruvate (PEP) to produce 3-deoxy-D-arabino-heptulosonic acid 7-
phosphate (DAHP) (Srinivansan et al., 1963; Srinivansan et al., 1959; Srinivansan and
Sprinson, 1959; Deleo et al., 1973; Simpson and Davidson, 1976; Schoner and Herrman,
1976) which is then dephosphorylated by 3-dehydroquinate synthase to produce 3-
dehydroquinate (DHQ) and free phosphate (Srinivansan et al., 1963; Sprinson et al., 1962;
Maitra and Sprinson, 1978; Berlyn and Giles, 1969; Mitsuhashi and Davis, 1954). The
DHQ is dehydrated by 3-dehydroquinate dehydratase to produce dehydroshikimate (DHS),
introducing the first double bond into the aromatic ring. The final step in the synthesis of
shikimic acid is the NADPH-dependent reduction of dehydroshikimate to shikimic acid
(Berlyn and Giles, 1969;Chaudhuri and Coggins, 1985; Dansette and Azerad, 1974),
however as the initial catalytic studies were conducted in the reverse direction the enzyme

was named shikimate dehydrogenase (Yaniv and Gilvarg, 1955).

Conversion of Shikimic Acid to Chorismic Acid Shikimic acid is first phosphorylated by
shikimic acid kinase and the resulting shikimate-5-phosphate (Fewster, 1962) condensed
with phosphoenolpyruvate to produce 3-enolpyruvateshikimate-5-phosphate (ESP)
(Srinivansan and Rivera, 1963; Rivera and Srinivansan, 1963; Levin and Sprinson, 1964;
Du et al., 2000; Majumder et al., 1995; Anderson and Johnson, 1990; Huynh e? al., 1988)
and free phosphate (Levin and Sprinson, 1964), with glutamine providing one possible
source of enolpyruvate (Rivera and Srinivansan, 1963). The ESP is then dephosphorylated
by 3-enolpyruvateshikimate-5-phosphate phosphatase, producing phosphate and 3-

enolpyruvateshikimate (Levin and Sprinson, 1964). This latter product has been named
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chorismic acid (Gibson and Gibson, 1964) as it occupies the branching point [chorismic =

separating] in the biosynthesis pathway of several aromatic compounds [Fig 1.8].

Conversion of Chorismic Acid to pABA 1t was originally thought that a single bi-enzyme
complex (PabA/PabB) was sufficient for the conversion of chorismic acid to pABA. This
erroneous conclusion may have been reached because of the similarity in molecular weight
(= 51kDa) between PabB and the PabC homodiamer (Ye et al., 1990): apparently
homogeneous preparations of PabB may have been contaminated with PabC. While the
PabB (aminodeoxychorismate synthase) was shown to use ammonia in the synthesis of
aminodeoxychorismate (ADC) the PabA/PabB complex exhibits increased activity when
glutamine is used as an amino-source. This increase in activity may be due to a number of
reasons: (1) increased amino-group availability due to the glutamase function of PabA (Ye
et al., 1990; Viswanathan et al., 1995), (i1) stabilisation of PabB due to formation of the
PabA/PabB complex (Viswanathan et al., 1995), (iii) PabA may channel free ammonia in
solution to PabB (Viswanathan et al., 1995). Kinetic characteristics of the enzyme
complex suggest an ordered Bi-Bi mechanism, with chorismate binding prior to glutamine

(Viswanathan et al., 1995).

ADC is converted to pABA by PabC (aminodeoxychorismate lyase) with the exclusion of
pyruvate and aromatizaton of the benzene ring (Nichols ef al., 1989; Green and Nichols,
1991; Green et al., 1992). The functionally similar anthranilate synthase enzyme (TrpE)
aminates chorismate (Knochel et al., 1999; Poulsen et al., 1993; Morollo et al., 1993) but,
unlike PabB, aromatizes the benzene ring via pyruvate elimination prior to release. The
rationale behind the free diffusion of ADC from the PabA/PabB complex is unclear. One
possible reason is that ADC may be a biosynthetic precursor in multiple pathways, i.e.

synthesise of chloramphenicol (Teng et al., 1985).
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1.6.3. Dihydrofolate Biosynthesis from para-Aminobenzoic Acid and 6-

Hydroxymethyl-Dihydropteridine [Fig 1.9]

Phosphorylation of the Hydroxymethyl-Dihydropterin A phosphorylated intermediary in
the condensation of DHpt-CH,OH with pABA/ pABGlu was suggested by the finding that
dihydropterin synthesis had an absolute requirement for ATP (Shiota e al., 1964; Shiota,
1959; Brown et al., 1961; Shiota and Disraely, 1961; Weisman and Brown, 1964;
Reynolds and Brown, 1964). Synthetic pyrophosphoryl derivatives of DHpt-CH,OH were
substrates for folate synthesis (Shiota ef al., 1964; Weisman and Brown, 1964) and only
the DHpt-CH,OH-utilising fraction of E.coli extracts required ATP (Weisman and Brown,
1964). Formation of the pyrophosphate ester is thought to occur through a single step,
rather than through sequential phosphorylation, as the phosphate ester is inactive even in
the presence of ATP (Shiota et al., 1964; Weisman and Brown, 1964) while the reaction

products have been identified as DHpt-CH,O-PPi and AMP (Richey and Brown, 1969).

Synthesis of Dihydropterin 7,8-dihydropterin synthase catalyses the ordered binding of
DHpt-CH,O-PPi and pABA and the subsequent release of pyrophosphate and
dihydropteroate (Ferone and Webb, 1975). The reaction products, pyrophosphate and
dihydropteroate, have been identified by directs product analysis (Richey and Brown,
1969) and by the finding that PPi, but not Pi, inhibited the reaction (Ortiz and Hotchkiss,
1966; Ferone and Webb, 1975). The enzyme is also inhibited, in S.aureus, by
pharmacological concentrations of pABA (Hampele et al., 1997), suggesting that the
homodimeric enzyme normally operates a half site reactivity with binding of a second

pABA molecule resulting in complex inactivation.
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Aminobenzoic Substrate Specificity for Dihydropterin Synthase As both pABA and
pABGlu are both substrates for DHPS, forming 7,8-Dihydropterin and 7,8-Dihydrofolate
respectively, debate arose over which is the natural substrate for the enzyme: The identity
of pABA as the physiological substrate was suggested by the kinetic data, as pABA has
lower Ky, values than pABGlu (Lampen and Jones, 1946; Shiota, 1959; Shiota and
Disraely, 1961; Reynolds and Brown, 1964;Swedberg et al., 1979; Hampele et al., 1997,
Roland et al., 1979; Talarico et al., 1991; Ortiz and Hotchkiss, 1966; Ortiz 1970). Apart
from pABGlu being a product of folate catabolism, no mechanism for pABGlu synthesis

has been identified.

Synthesis of Dihydrofolate from Dihydropterin Dihydrofolate is synthesised from
dihydropterin by its condensation with glutamate. As with many substrates in the synthesis
of folate a phosphorylated intermediary is predicted by a requirement for ATP in the
conversion of dihydropterin to DHF (Griffin and Brown, 1964; Brown et al., 1961).
However, in this case no phosphorylated pterin intermediary is released as condensation of
the phospho-ester with glutamate is catalysed by the same enzyme, dihydrofolate synthase
(DHES). Moreover, the phosphorylated intermediary of this enzyme is probably a
monophosphate and not a pyrophosphate. This is apparent from the ability of ADT to
substitute for ATP (Griffin and Brown, 1964) and from DHES's apparent mechanistic
homology to folate polyglutamate synthase (FPGS) and by the identification of ADP and
phosphate as reaction products (Iwai and Kobashi. 1975). By inhibiting dihydrofolate

reductase the product of the reaction was shown to be DHF (Brown e al., 1961).

Conflicting Evidence for a Single, Bifunctional, Dihydrofolate Synthase / Folate
Polyglutamate Synthase Semi-purified extracts from E.coli exhibit both DHFS and FPGS

activity (Griffin and Brown, 1964) while apparently homologous FPGS from E.coli
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(Ferone et al., 1983; Ferone and Warskow, 1983) or Corynebacterium (Shane, 1980a &
1980b) also exhibits DHFS activity. Over expression of the folC gene in E.coli (Bogner et
al., 1985) resulted in 400-fold amplification of an enzyme which, when purified to
homology, exhibited both DHF synthase and folate polyglutamate synthase activity.
However Saccharomyces cerevisiae appears to have distinct DHES and FPGS enzymes
encoded by separate genes, fol3 and fol7. Knock-out mutants of fol3 exhibiting no DHFS

activity while the FPGS activity appears to be coded for by fol7 (Cherest et al., 2000).

1.7. Food Fortification and Supplementation:

While the role of folate supplementation has long been recognised in the prevention of
"pernicious anaemia of pregnancy" (Wills, 1931) and other diseases of outward nutritional
deficiency (Wills and Stewart, 1935) it is only recently that a wider possible role in disease
prevention has been recognised [see previous section]. While folic acid fortification has
been employed for a number of years, it has been on a haphazard basis, with some foods
being fortified while others have not, even within the same food type, i.e. some breads but
not others. In 1992 the U.S. Public Health Service (Public Health Service, 1992)
recommended that, in order to reduce the occurrence of NTDs, women of childbearing
years should consume 400ug folic acid per day. To partly achieve this goal the U.S. Food
and Drug Administration (FDA) issued regulations requiring the fortification of all grain
products as a level of 140ug/100g (Food and Drug Administration, 1996), a value
estimated to increase average folate consumption by 100ug/day. This decision was
probably influenced by the lack of awareness in the general population of the benefits of
increasing folate consumption and by the finding that most (=80%) pregnant women did

not take folic acid supplements preconceptually (Wild, 1996; Roberts, 1996; Kloeblen,



1999; Floyd et al., 2000). Early indicators have shown that the current level of fortification
has increased folate intake by 85ug/day in children (< 9 yrs of age) (Food Surveys
Research Group, 1998). Values for adult have not yet been reported, though the number of
subjects with serum deficiency (< 3ng/ml) in one sample group has decreased from 22% to
less than 2% (Jacques et al., 1999). There have already been calls for fortification level to

be increased (Oakley, 1997 & 1999).

1.7.1. Use of Folic Acid

Historically folate fortification and supplementation has been in the form of folic acid. The
reasons for choosing this form of the vitamin were probably its greater stability, ease of
manufacture and the fact that there are no substituent groups on the pteridine moiety to

introduce chirality. However the consequences of this choice are still not clear.

Cost Benefit Analysis of Folic Acid Use I. Benefit: While studies have shown folic acid to
have a higher bio-availability than food folate (Cuskelly et al., 1996) this is probably due
to the polyglutamate nature of food folate. Most folate monoglutamates appear to have
similar, if not greater, bio-availability to folic acid (Brown et al., 1973; Perry and
Chanarin, 1970). However, the biochemical characteristics of folic acid may make it
particularly appropriate for use in fortification: it is more stable than the reduced folates; it
is a monoglutamate, making it highly bio-available; it is transported independently of
folate, therefore its transport is not inhibited by factors which inhibit folate uptake
(Niethammer and Jackson, 1975; Huennekens and Henderson; 1975 Rader et al., 1974); at
current fortification levels in the United States a proportion of the folic acid enters the
blood unaltered (S.W. Bailey, personal communication), it therefore does not require

demethylation prior to polyglutamation and thus avoids the "methyl-trap" [see Section
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1.4.2]. Another form of "methyl-trap" may be decreased enzyme activity of the

homozygous or heterozygous C677T MTHER polymorphs (Frosst et al., 1995). This may,
in part, explain the observation that pregnant women homozygous for the C677T genotype
had lower red cell and plasma folate (Molloy et al., 1997) and why homozygous men (40-

84 yrs) had lower plasma folate (Ma et al., 1997), than heterozygous or wild type subjects.

Cost Benefit Analysis of Folic Acid Use 1. Cost: While one of the benefits of using folic
acid supplementation is its ability to contravene the "methyl-trap" this has been one of the
reasons most often cited why folic acid should not be used in fortification: one of the first
clinical indicators of B, deficiency is megalobastic anaemia, caused by a concurrent
decrease in folate concentration (Gutstein ef al., 1973; Perry et al., 1976). However, as
folic acid can enter, and be retained, by the cell in a vitamin B,, independent manner it
could potentially prevent folate deficiency, thus masking the underlying vitamin B,
deficiency (Lachance, 1998). The undiagnosed vitamin B, deficiency may then progress
to a stage where irreparable neurological damage may occur. Other concerns about the use
of folic acid supplementation are the unknown effects it may have on tumour growth and
the antagonistic effects it may have on anticonvulsants and the antifolates used in cancer
and antibacterial treatment. Concern about folic acid supplementation in the treatment of
cancer may be unfounded as a recent study by Branda et al. (1998) found that, while
tumour growth was greater in folic acid supplemented rats than in folate deficient rats,
supplementation had no significant effect on tumour growth in replete rats. Furthermore,
post-chemotherapy survival was found to be higher in the supplemented rats than in folate
deficient rats, while the anti-tumour drugs were apparently more effective in replete or

supplemented rats compared to deficient rats.



Of further concern are possible teragenic effects unmetabolised folic acid may have on the
body. Fortification doses as low as 200ug have been shown to cause the accumulation of
unmetabolised folic acid in serum (Kelly et al., 1997; Sweeney, 2000) while the current
fortification regime used in the United States has been shown to causes the appearance of
folic acid in plasma (S.W. Bailey, personal communication). Furthermore, amounts as low
as 100ug, taken within an hour of each other, can cause accumulation of folic acid in the

serum (Sweeney, 2000).

Achon et al. demonstrated that high dose (40 mg/kg body weight) folic acid
supplementation decreased the birth weight and size of rats (Achén et al., 1999; Achén et
al., 2000), while also effecting protein metabolism in pregnant and non-pregnant rats
(Achon er al., 1999). While it has not been demonstrated that these effects are deleterious,
they still represent an effect of high dose supplementation. Although such large doses
might appear excessive, at 20 times the folate requirement of rats, they are comparable to
the level recommended by the CDC for the prevention of recurrent NTDs (Center for
Disease Control and Prevention, 1991) and may be comparable to the potential exposure of
high consumers of fortified food. Current fortification levels are estimated to increase
mean folic acid consumption by 100ug/day while ensuring the majority (95%) of the
people consume less than 1mg total folate per day; thus up to 5% of the U.S. population
could be exposed to greater than 1mg/day folic acid. The implementation of a five fold
increase in fortification (Oakley, 1997) could result in a large minority of people being
exposed to folic acid concentrations greater than 5 mg/day. At present children of nine
years and younger have a mean exposure of 4.3 times the RDA for folate [Table 1.9] while
three year olds are exposed to 5.7 times the RDA. A five fold increase in supplementation
would thus result in under 9y olds being exposure to 8.9 times the RDA and three year

olds being exposed to 12 times the RDA. As these are mean intake values some children
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Consumption Increased intake Increased intake Consumption

(A*f:gr;"g Fortified Fortified Fortified x 5 Fortified x 5
y & Mean (%RDA)* Mean (%RDA)® Mean (%RDA)° Mean (%RDA)P
1-2 242 (485) 64 (131) 320 (655) 497 (1009)
3 286 (572) 79 (158) 395 (790) 602 (1204)
3.4 311 (479) 96 (147) 480 (735) 695 (1067)
6-9 343 (370) 94 (100) 470 (500) 719 (770)
<9 299 (431) 85 (115) 425 (575) 639 (891)

Table 1.9: “Mean folate consumption of U.S. children after the introduction of food fortification and *mean increase in folate intake
upon introduction of fortification (adapted from Food Surveys Research Group, 1998). Calculated “increase in folate intake and total
folate intake if folate fortification were to increase five fold. %RDA: Increase in folate intake or total folate intake calculated as a

percent of RDA for each age group.



would be exposed far higher amounts than these. The majority of this exposure would be

in the form of folic acid.

Cost Benefit Analysis of Folic Acid Use Ill. Conclusions People can not easily "opt out" of
such wide scale food fortification. Thus a balance must be struck between providing the
maximum benefit to the majority while minimising risk to the minority. However, as
knowledge about folic acid increases it may then be decided whether it is safe to increase
fortification levels. However, attempts at increasing folate consumption by potential
mothers will always be confounded by the finding that this group consume the least

fortified food [Fig 1.10].

1.8. Research Aims:

The aims of the thesis were as follows:

Part I. Human Studies

* To determine the rate of folate loss in humans due to the urinary excretion of intact

folate and of its catabolic products. As this is the main route by which folate is loss

from the body, this data could then be used as a basis for determining an RDA value

for humans.

* To examine the effect of the combined oral contraceptive pill (COCP) on the rate

of folate excretion and catabolism.
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* To examine the relationship between folate status and tHcy, and the effects of folic
acid supplementation on this relationship. As the one carbon cycle is dependent on
B,, for the transfer of methyl-groups to homocysteine, we wished to extend this

analysis to also look at the effect of B, status on tHcy.

* To expand upon the results of an earlier pilot study conducted by this lab
(McPartlin et al., 1993) which showed that folate catabolism increased during
pregnancy. To quantify the extent of this increase, thereby demonstrating the cause
of increased folate requirement during pregnancy, and to quantify an empirical value

for the increase.

* To confirm earlier findings (Andersson et al., 1992 and Kang ef al., 1986) that
tHey decreases during pregnancy. To examine the effect folate and B12 status may

have on tHey under these circumstances.

Part I1. Bacteria and Cell Cultures Studies

* To design an in vivo bacterial model for examining the effect of different classes of
anti-folate drugs on folate co-enzyme distribution, thereby deriving a better
understanding of how these drugs work and interact synergistically or
antagonistically. Furthermore, by determining the effects of SMX and pABA on the
folate distribution, and comparing the results to those of a known DHFR inhibitor,

we wished to test the hypothesis that both these compounds are DHFR inhibitors.

* To design a mammalian cell line model for examining the effect of the anti-folate

drug MTX on folate distribution.
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CHAPTER 2

METHODS

PART I: STUDIES IN HUMANS

2.1. Human Subjects and Sample Collection

Ethics Subjects gave written informed consent. The female studies were approved by the
Rotunda Hospital Ethics Committee, Rotunda Hospital, Dublin, Ireland. Ethical approval

was not required for the male study due to its non-invasive (collection of urine) nature.

Subjects and Sample Collection Healthy men (n = 23) and women (n = 28) were recruited.
Specific exclusion criteria for the study included a history of anaemia, inflammatory bowel
disease, coeliac disease, epilepsy or renal disease. Women with a personal or family
history of neural tube defect affected children were excluded. Women (n = 4) taking the
combined oral contraceptive pill (COCP) were also excluded from the main study group.
Subjects were placed on a nutritionally-complete, folate catabolite free, liquid enteral feed
(Fortisip® , Cow & Gate) for 16hrs before, and during, sample collection to ensure that the
folate catabolites found in the urine were derived from endogenous catabolism and not
from catabolites in their diet. From 09.00 hours on day two to 09.00 hours on day three
total urinary output from each subject was collected in a five-litre plastic containers
containing two grams of ascorbic acid. Blood was collected from the women on the

morning of day two. After sample collection the women were commenced on



iron/multivitamin supplementation (Givitol®, Galen Pharmaceutical Limited, ferrous
fumarate 305mg, folic acid 500 ug, riboflavin 2mg, pyridoxine hydrochloride 4mg,
thiamine mononitrate 2mg, nicotinamide 10mg and ascorbic acid) and sample collection

was repeated four months later.

Pregnant Subjects Healthy gravidae (n = 31) were recruited from the Rotunda Hospital to
undergo measurement of the daily rate of folate catabolism on three occasions during
pregnancy (12-16 weeks, 26-30 weeks and 34+ weeks) and on day three postpartum.
Specific exclusion criteria for the study included a history of anaemia, inflammatory bowel
disease, coeliac disease, epilepsy or renal disease, as was a personal or family history of
neural tube defect affected children. The women were admitted in small groups to a
specially supervised metabolic ward for a period of approximately 40 hours. On arrival on
the ward, at 17.00 hours on day one, subjects were placed on Fortisip®. After the initial
sixteen hours "wash-out" period a 24-hour urine collection was performed between 09.00
hours on day two and 09.00 hours on day three. Samples were collected at first trimester
(12-16 weeks), second trimester (26-30 weeks), third trimester (34+ weeks) and on day
three postpartum. As part of the Rotunda Hospital's policy to combat the occurrence of
NTD's, and consequently a requirement for attaining ethical approval, subjects were
prescribed Givitol®, containing 500ug folic acid, upon presentation at their first antinatal
clinic, in all cases this corresponded to the start of the first collection period (first
trimester). On each admission blood samples were taken on the morning of day two for

haemoglobin, red cell folate, and serum folate, vitamin B, and total homocysteine.

Urine Treatment and Storage The volume of each 24hr urine collection was noted before
the total volume of each sample was made up to 2L with H,O. 300ml aliquots of sample

were stored at -20°C until required for urinary folate, pABGlu and apABGlu analysis.
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Dietary analysis Dietary folate intake (ug/day) was measured in the pregnant (second
trimester) and non-pregnant women by a qualified dietitian using an interview assisted
food frequency questionnaire and intake calculated by a food-nutrient conversion package

(Foodbase, 1992, The Institute of Brain Chemistry and Human Nutrition).

Statistical analysis The catabolite data were shown to be normally distributed. ANOVA
analysis (Datadesk 4.0, Data Description Inc.) was used to assess the effect of gestation on
catabolite levels within the pregnant group and the effect of supplementation in the non-
pregnant control group. Scheffe post hoc tests were used to compare different gestational
sub-groups and as p-values were calculated to allow for the effect of repeated
measurement p < 0.05 was taken as significant. To compare the non-pregnant and
pregnant sub-groups non-paired t-tests were used. Pearson product-moment correlation

was used to assess correlation between clinical markers.

2.2. Analysis of Urinary pABGlu and apABGlu - Daily Catabolic Loss

2.2.1. Preparation of [3,5-’H]-pABGlu and [3,5-°H]-apABGlu Standards

Synthesis of [3,5-"H]-pABGlu To 100ul [’H]-PteGlu was added 50ul HCI (6M) and 25ul

zinc dust. The mixture was vortex-mixed intermittently for 20min and centrifuged to

remove excess zinc. The supernatant was removed and the [?’H]-pABGlu purified by

HELC.
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Purification of [3,5-'H]-pABGlu The zinc cleaved folic acid sample was
chromatographed on a Radial Pak C,g (100 x 8mm) cartridge column (Waters) using a
RCM radial compression system. A RCSS Guard Pak C,g cartridge(Waters), fitted in a
pre-column module, was attached between a U6K injector (Waters) and the column. The
column was eluted isocratically at 2ml/min with citrate-phosphate buffer (0.1M, pH 4):
acetic acid (1% v/v): methanol:: 80: 14: 4. Fractions were collected around the retention
time of cold pABGlu standard and fractions containing the greatest radioactivity were
pooled. Part of the purified [’H]-pABGlu was retained for use in the pABGlu assay while

the remainder was used in the synthesis of [*’H]-apABGlu.

Synthesis and Purification of [3,5-°H]-apABGlu The 5-10ml [’H]-pABGlu was diazotized
by adding 100u1 HC1 (6M) and 100ul sodium nitrite (1% w/v). The mixture was allowed
stand for Smin before 100l ammonium sulfamate (5% w/v) was added. After Smin 100ul
N-1-naphthylethylenediamine (1% w/v) was added. The sample was incubated for 30min
before the sample was loaded onto an activated (3ml methanol followed by Sml water) C,q
Sep-Pak (Waters). The Sep-Pak was washed with 10ml HCI (0.05M) and the diazotized
material eluted with 3ml methanol. The [’H]-pABGlu was regenerated by the addition of
50ul HCI and zinc dust, shaken intermittently for Smin and centrifuged to remove excess
zinc. The supernatant was transferred to a conical glass tube and evaporated to dryness in

a water bath at 37°C under nitrogen.

The acetamido-derivative of pABGlu was prepared by resuspending the dried residue in
34ul acetic acid (50% v/v) and Sul acetic anhydride and incubating for 24hrs at 22°C. The
[*H]-apABGlu was purified by HPLC by resuspending the reaction mixture in 100yl H,O
and chromatographing on the system described for the purification of [*'H]-pABGlu.

Fractions were collected around the retention time of cold apABGlu standard and fractions
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containing the greatest radioactivity were pooled and retained for use in the assay of

apABGlu.

2.2.2. Assay for Urinary pABGlu

Preparation of ion-exchange column A glass column (200 X 15mm with a 200ml
reservoir) plugged with glass wool was filled with Dowex S0W (Sigma 50X8-400) cation-
exchange resin (7g in 10ml H,0). The column was washed with 50ml HCI (6M) and 50ml

H,O to equilibrate.

Fractionation of Urine by lon-Exchange Chromatography To duplicate 25ml aliquots of
urine was added 100 kdpm [PH]-pABGlu and HCI (6M) to give a final concentration of
0.1M. The urine sample was then applied to the ion-exchange column, the column was

washed with 50ml HCI (0.3M) and the pABGlu eluted with 100ml HCI (0.6M).

Diazotization and Solid Phase Extraction The samples were diazotized as described above
except 1ml of each reagent was used, the mixture was allowed stand 30min between
additions and the final reaction mixture was left overnight. The resulting diazotized
material was loaded onto an activated Sep-Pak under reduced pressure, washed with 10ml
HCI (0.05M) and 3ml methanol (25% v/v) and the diazatized material eluted with pure

methanol

Regeneration of pABGlu The solution was evaporated to dryness in a water bath (60°C)
before it was resuspended in 300u1 HCI (1M) to which was added zinc dust. After 10min

the suspension was transferred to a microfuge tube and centrifuged to clarify.
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Chromatographic Quantitation of pABGlu 100ul of supernatant was chromatographed
using the HPLC system described above and the peak corresponding to pABGlu manually
collected for determination of radioactivity, and consequently percentage recovery. The
pABGlu content of the injected sample was determined by recording the change in
absorbance at 280nm, measured using an SPD-6A on-line UV-spectrophotometer
(Shimadzu, Kyoto, Japan) and relating its peak height to a standard plot (10-200ng) of
injected pABGlu standard. The pABGlu content of each sample was corrected for

percentage recovery before adjusting for total urinary volume:

HPLC peak (ng) x [’H]-Standard added (dpm)
[PABGlu] (ng/25ml) = Eqn. 2.1
[PH]-pABGlu peak from HPLC (dpm)

[PABGlu] (ng/ 25ml) x Total Urine Volume (ml)
[pPABGlu] (ng/day) = Eqn. 2.2
Sample Volume (25ml)

2.2.3. Assay for Urinary apABGlu

Ion Exchange Method 25ml aliquots of urine were prepared and loaded onto an
equilibrated cation exchange column as described for pABGlu except that [’H]-apABGlu
(100 kdpm) was added in place of ’H]-pABGlu. apABGlu eluted from the cation
exchange column in the sample volume and a further SOml HCI (0.1M). Both fractions
were pooled and sufficient HCI (6M) was added to the resulting 75ml sample to made it
0.2M. The sample was boiled in a water bath for 60min to deacetylate the apABGlu

before it was re-loaded onto the washed cation exchange column (50ml HCI (6M)
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followed by 50ml H,0). The column was washed with 50ml HCI (0.3M) and eluted with
100ml HCI (0.6M). The resulting sample was diazotized and extracted, regenerated to

pABGlu and quantified by HPLC as previously described.

Solid Phase Extraction Method To 25ml of urine was added [’H]-apABGlu and the pH
adjusted to pH 4.0 with citric acid (2M). The sample was loaded onto an activated (3ml
methanol followed by Sml citrate-phosphate buffer (0.1 mol/L, pH 4)) C,; Sep-Pak
(Waters) under reduced pressure. The SepPak was washed with 5ml methanol (2% v/v in
citrate-phosphate buffer (0.1 mol/L, pH 4)) and eluted into a glass bottle with 10ml
methanol (10% v/v in citrate-phosphate buffer (0.1 mol/L, pH 4)). 0.66ml HCI (6M) was
added to the sample, the bottle was plugged with non-absorbent cotton wool and boiled for
60min in a water bath. The sample was cooled, diazotized, extracted and regenerated to
pABGlu before quantified by HPLC as previously described, except the running buffer

was adjusted to pH 3.5 with citric acid (2M).

Comparison of methods A comparison of the results for samples assayed blind using both

methods for the determination of apABGlu concentrations is contained in Appendix A.

The solid phase extraction method was preferentially used in the quantification of
apABGlu as the solid phase extraction method was: (i) Faster. Less than 2.5hrs
(+Overnight evaporation of the diazotised material) compared to the 1.5 days (+Overnight
evaporation of the diazotised material) required for the ion exchange method; (ii) Less
labour intensive. Use of the Dowex column involved several stages where the column was
washed or where sample was added to the column. This process was labour intensive and
took most of the day. Sample preparation by solid phase extraction took less than 60min

with a one hour boil; (iii) Required smaller elution and reagent volumes; (iv) Far less



odour: Boiling the samples from the Dowex column, especially when several were being
treated together, resulted in a pungent and unpleasant smell of urea and other compounds.
Due to the smaller volume and the retention of compounds on the Sep-Pak, the samples
prepared by solid phase extraction were far less pungent when boiled; (v) "Standardised"
and more "transportable" : The glass columns were bulky and fragile and had to be

specially made for the assay. The Sep-Pak are universally available.

Samples prepared by solid phase extraction were not "cleaned up" as much as those
prepared by the ion exchange method. This was not a significant factor for any samples
except for a few of the postpartum samples which were too contaminated after solid phase
extraction. Postpartum samples were therefore assayed using the ion exchange method.
Ten postpartum samples were analysed using both the solid phase extraction and ion

exchange methods; the mean difference between the samples was less than 10%.

2.3. Blood Analysis for Folate, Vitamin B,, and Total Homocysteine

2.3.1. Blood Preparation

Serum Folate Blood was collected in a Vacutainer Serum tube. The tube was centrifuged

at 1,500g for 15min, the serum removed and stored at -20°C.

Red Cell Folate Blood was collected in a Vacutainer K,EDTA tube. The blood was
mixed and diluted 1 in 10 in fresh ascorbic acid (1% w/v). The sample was incubated on a
roller for 30min at room temperature complete cell lysis and to deconjugate folate

polyglutamates. Lysates were then stored at -20°C. Packed Cell Volumes (PCV) were
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Fig 2.1. Diagram showing the layout of the sample plate for the folate assay. Samples were
assayed in duplicate (a & b) with each duplicate plated in duplicate at two dilutions (100ul1
sample and 50ul sample plus S0ul sodium ascorbate (0.5%, w/v)) as shown. Folate content

was then assayed as described in the methods [Section 2.3].

Standard (u1 /well) | 0| 0] 5101520 |25]30 | 40|60 | 80100
Folate (pg/well) | 0| o[25]|5 |7.5[10 [12.5/15] 20|30 | 40|50
Folate (fmol / well) | 0 | 0]|57)11.3]17 |23 |28 |34 | 45[68 | o1 [113

ke v oy o W >T

8 Replicates of each Standard

Fig 2.2. Diagram showing the layout of the standard plate for the folate assay. The volume
shown (ul/well) is the volume of folic acid standard added to each well in the column. The
well volumes were then made up to 1001 with sodium ascorbate (0.5%, w/v) and the plate

assayed as described in the methods [Section 2.3].



measured by filling a capillary tube with blood and sealing the end. The tube was

centrifuged and the PCV read using a micro-haematocrit reader (Hawksley, London, UK).

2.3.2. Microbiological Assay for Serum, Red Cell and Urinary Folate A modification
of the methods of Molloy and Scott (1997) was used for the determination of serum, red

cell and urinary folate.

Preparation of Folate Assay Media 5.7g folic acid broth (Merck) and 3mg
chloramphenicol were desolve in 100ml H,O and the mixture heated. Just before bp was
reached 30ul Tween 30 was added. The mixture was brought to the boil after which the
mixture was covered and cooled to room temperature when 75mg ascorbic acid and 200ul

of the cryopreserved L.casei suspension were added.

Preparation of Cryopreserved L.casei Suspension 200ml of folate assay media was
prepared containing 7.6g folic acid broth, 40mg chloramphenicol, 80ul Tween, SOmg
ascorbic acid and 50ng folic acid. This was then stored in 20ml aliquots at -20°C until

required.

A lyophilised L.casei (NCIMB 10463) vial was used to inoculate 20ml of thawed media
and the culture incubated for 42hrs at 37°C. 10ul of this first growth are then used to
inoculate a further 20ml of thawed media which was incubated a further 24hrs. This
process was repeated a further two times by which time the bacteria were fully in log
phase. 1ml of the last growth was then used to inoculate a further 20ml of media, the tube
incubated for a further 7hrs before 20ml autoclaved (10min at 121°C) glycerol (80% v/v)

was added, mixed, aliquoted and stored at -70°C.
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Preparation of Controls Pools of serum and whole blood, representing low, medium and
high folate concentrations, were prepared by the routine lab. The mean and standard
deviation (SD) for each pool were determined by assaying 6 aliquots of each on 3 separate
occasions. Duplicate sets of the respective controls (serum or whole blood) were run with
each assay (serum controls were used for the urinary folate assay). If all three standards

were not within 2SD of the previously determined mean the assay was rejected.

Dilution and Plating of Samples Assays for each analyte (serum, red cell or urinary folate)
were conducted separately. Serum or whole blood lysates were diluted 1 in 20 in sodium
ascorbate (0.5% w/v) while urine samples were diluted 1 in 10. Duplicate 100ul or 50ul
amounts of each sample were pippetted into respective wells of a 96-well plate [Fig 2.1].
50pl sodium ascorbate (0.5% w/v) was added to those wells containing only 50ul of

sample (to give a further 1 in 2 dilution).

Preparation of Standard Curve 20.00mg folic acid was dissolved in 4ml NaOH (0.1M)
and diluted to 1L with H,O. This was divided into 20ml amounts and stored at 4°C. Fresh
stock solutions were prepared every 8-12 weeks and their standard curves compared to
those of the existing stock solutions. To minimise cross contamination stock solutions

were prepared in a separate lab to the assay lab.

To prepare a standard curve for use in the folate assay SOul of the stock folic acid solution
was made up to 100ml with sodium ascorbate (0.5% w/v). 5ml of this first dilution was
then diluted to 100ml with sodium ascorbate (0.5% w/v) giving a final solution of
0.5ng/ml. The required volume of this final dilution were dispenses into a 96-well plate

[Fig 2.2] and the volume of each well was made up to 1001 with sodium ascorbate (0.5%
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w/v). Standard curves were prepared independently of the assay to minimise possible

Cross contamination.

Incubation and Determination of Folate Concentrations 200ul of the L.casei inoculated
assay media was added to each well of the sample and standard curve plates and the plates
sealed with Linbro adhesive plate sealer (ICN Biomedicals Inc., Aurora, Ohio). Plates
were incubated at 37°C for 42hrs, the plate inverted several times to suspend the bacteria
before the plate sealer was removed. The plates were read at 590nm using a Multiscan
Plus (Labsystems, Helsinki, Finland) plate reader connected to a PC. The folate
concentrations per well (pg) and thus for each sample (serum folate (ug/L), red cell folate
(pg/L) and urinary folate (pug/2L)) were calculated by the computer package (ELISA+,
Meddata Inc. New York, NY) by comparing the well's optical density to those of the
standard curve, and from the dilution factors used. Samples giving concentrations greater

than those of the highest standard well (50pg/well) were assayed at a higher dilution.

2.3.3. Microbiological Assay for Serum Vitamin B,, A modification of the methods of

Kelleher and O'Broin (1991) was used for the determination of serum vitamin B,,.

Preparation of Vitamin B,, Assay Media 6.2g Vitamin B, assay broth base (Merck) and
150u] Tween 80 were dissolved in 100ml distilled water and boiled. Upon cooling 11mg

colistin sulphate and 200yl of thawed cryopreserved L.leichmannii suspension were added.

Preparation of Cryopreserved L. leichmannii Suspension 200ml of B,, assay media was
prepared containing16.6g vitamin B, assay broth base (Merck), 400ul Tween 80, 50ng
cyanocobalamin (added before boiling) and 100mg colistin sulphate. This was then stored

in 20ml aliquots at -20°C until required.
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A lyophilised L.leichmannii (NCIMB 12519) vial was used to inoculate 20ml of thawed
media and the culture incubated for 24hrs at 37°C. 10yl of this first growth are then used
to inoculate a further 20ml of thawed media which was incubated a further 24hrs. This
process was repeated once more by which time the bacteria were fully in log phase. 2ml
of the last growth was then used to inoculate a further 20ml of media, the tube incubated
for a further 8hrs before 20ml autoclaved (10min at 121°C) glycerol (80% v/v) was added,

mixed, aliquoted and stored at -70°C.

Preparation of Controls Pools of serum and whole blood, representing low, medium and
high vitamin B,, concentrations, were prepared by the routine lab. The mean and standard
deviation (SD) for each pool were determined by assaying 6 aliquots of each on 3 separate
occasions. Duplicate sets of the controls were run with each assay. If all three standards

were not within 28D of the previously determined mean the assay was rejected.

Preparation and Plating of Samples Serum was diluted 1 in 10 with extraction buffer
(sodium hydroxide (8.3mM), acetic acid (20.7mM), sodium cyanide (0.45mM), pH4.5).
Samples were autoclaved at 115°C for 10min, vortexed to remove precipitate from the tube
sides and centrifuged at 1,000g for 10min. The supernatant removed and 100u1 or 50ul
amounts of each sample were added to duplicate wells in a 96-well plate [Fig 2.3]. 50ul of
extraction buffer was added to those wells containing only 50ul of sample (to give a

further 1 in 2 dilution).
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Fig 2.3. Diagram showing the layout of the sample plate for the vitamin B, assay. Samples
were assayed in duplicate (a & b) with each duplicate plated in duplicate at two dilutions
(100p1 sample and 50yl sample plus 50ul extraction buffer) as shown. Vitamin B,, content

was then assayed as described in the methods [Section 2.3].

Standard (ul / well)

Vitamin B,, (pg/ well)

8 Replicates of each Standard

Fig 2.4. Diagram showing the layout of the standard plate for the vitamin B,, assay. The
volume shown (pul/well) is the volume of vitamin B,, standard added to each well in the
column. The well volumes were then made up to 100u1 with extraction buffer and the plate

assayed as described in the methods [Section 2.3].



Preparation of Standard Curve 200ul of Cytamen 1000 was diluted to 4.00ml, the

solution mixed and the vitamin B,, concentration determined using the following equation:

Vitamin B,, concentration = (48.545 x Absq;,m) #g/ml

This value was multiplied by 20 to give the concentration of the Cytamen 1000 stock
solution. The verified Cytamen 1000 solution was diluted to give a 10xg/ml solution. As
the Cytamen 1000 normally has a concentration of 1000y g/ml this usually involved a 1 in

100 dilution. After mixing the standard B,, solution was stored in 1.2ml volumes at -20°C.

Standard B, solutions were thawed as required and diluted 1 in 100 with distilled water.
This initial dilution was mixed and diluted 1 in 100 in extraction buffer to give the
working solution. Volumes of working solution were added to a 96-well plate as shown

[Fig 2.4] and the volume of each well was made up to 100u] with extraction buffer.

Incubation and Determination of Vitamin B,, Concentrations 200ul of the L.leichmannii
inoculated assay media was added to each well of the sample and standard plates and the
plates sealed using Linbro adhesive plate sealer. Plate were incubated at 37°C for 42hrs,
the plate inverted several times to suspend the bacteria and the plate sealer removed. The
plates were read at 590nm using a Multiscan Plus (Labsystems, Helsinki, Finland) plate
reader connected to a PC. The vitamin B,, concentrations per well (pg) and thus for each
sample (ng/l) was calculated by the computer package (ELISA+, Meddata Inc. New Y ork,
NY) by comparing the well's optical density to those of the standard curve, and from the
dilution factors used. Samples giving concentrations greater than those of the highest

standard well were assayed at a higher dilution.
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2.3.4. HPLC Assay for Total Serum Homocysteine The methods of Ubbink ez al.
(1991) were employed for the determination of total serum homocysteine concentrations

(tHey).

Serum Homocysteine Derivatisation To 300ul of serum was added 30pul tri-n-
butylphosphine (10% in dimethylformamide). After incubating for 30min at 4°C to reduce
the homocysteine and mixed disulphide and to release protein bound homocysteine, 300ul
trichloroacetic acid (10%), EDTA (1ImM) was added. The sample was centrifuged and
10041 of supernatant added to 20l NaOH (1.55M), 250u1 borate buffer (125mM, pH9.5)
cotaining EDTA (4mM) and 100x] ammonium 7-flourobenzo-2-oxa-1,3-diazole-4-
sulphonate (SBF-F, Img/ml in borate buffer). The sample was incubated at 60°C for

60min to derivatise the thiol species.

Chromatographic Quantification of Total Homocysteine Sample were injected onto a
Supelco LC-18-DB analytical column (150 x 4.6mm) using a 710B WISP (Waters)
automatic sample injector. A reverse phase GuardPak C,; (Waters) column was fitted
between the injector and the column. The column was eluted with potassium
dihydrogenphosphate buffer (100mM, pH2.1 with ortophosphoric acid) : acetonitrile :: 96 :
4 at a flow rate of 2ml/min. The derivatised homocysteine peak was quantified by
measuring its fluorescence (ex. 385nm / em. 515nm) using a RF535 fluresence detector
(Shimadzu) and comparing the result to a standard curve of known homocysteine

concentrations.
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PART II: STUDIES IN BACTERIA AND CELL CULTURES

2.4. Inhibition of Folate Metabolism in E.coli

2.4.1. Basic Techniques

Preparation of Growth Media Glucose media (8) was composed of (g/1): NaCl, 2.94;
NH,Cl, 2.66; KH,PO,, 3.4; CaCl, 7.4x10°; MgSQ,, 0.25; Glucose, 2.0; pH7.2. Columbia
agar (Lab M, Bury, UK) supplemented with 7% horse blood was prepared by the

Microbiology Department, St James’s Hospital, [reland.

Preparation of E. coli stocks on cryo-preserve beads The lyophilised E.coli was
suspended in 400ul glucose media and 200u1 was used to inoculate a Columbia blood agar
incubated at 37°C. The resulting culture was stored at -70°C on Protect beads (Technical
Services Consultants Ltd., Lancashire, UK). Bacterial cultures were reconstituted from

—70°C, sub-cultured on Columbia blood agar as required and checked for purity.

Determination of bacterial turbidity The turbidity of 300ul of samples in a 96-well plate
was measured at 590nm using a Multiskan Plus plate-reader (Lab Systems, Helsinki,

Finland).



Determination of bacterial density Bacterial colonies from a Columbia blood agar were
suspended in glucose media to give a stock suspension with a turbidity of 0.642AU. From
this a dilution series was prepared from O to 100% of the stock suspension in 10 equal
intervals and the turbidity was measured. The viable cell number in the stock suspension
was determined by making 1in 10* 1 in 10° and 1 in 10°® dilutions of the initial bacterial
suspension in glucose media. 100ul of each dilution was used to inoculate duplicate blood
agar plates. Plates were incubated overnight, colonies were counted and the bacterial
density (cells/ml) of the initial suspension calculated. The bacteria density of each
standard dilution was calculated and a plot of bacterial density versus turbidity was used to
calculate the second order polynomial equation which related absorbance (at 590nm) to

bacterial density:

Bacterial Density (10° Cells/ml) = 2.1270 x Abs® + 3.5928 x Abs - 0.0195 [r = 1.000]

2.4.2. Optimisation of Growth Conditions

Optimisation of incubation periods for each growth For each growth plots of incubation
time versus bacterial density were prepared to determine when the bacteria was in log
phase growth. All experimental procedures were performed on bacteria in log phase
growth. Approximately 50 E.coli colonies from a Columbia blood agar were suspended in
5001 of glucose media and diluted so that 300ul1 had a turbidity of 1.00 A.U. A 100ul
aliquot of this suspension was inoculated into Sml of glucose media and incubated at 37°C
in an orbital incubator at 80rpm. After incubating for 11h, 250u1 (460x10° (+20x10°)
cells) was inoculated into 5ml of glucose media containing [’H]-pABA. After Sh the
bacteria was harvested by centrifugation at 4,500rcf for 8min, the pellet resuspended in

2ml glucose media and repelleted. The washed pellet was resuspended in 1ml glucose
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media and 200yl (1.8x10° (0.1x10°) cells) inoculated into Sml of glucose media

containing the required concentration of Tmp.

Determination of optimum [°H]-pABA concentration The first growth was incubated for
11h before 250ul was inoculated into tubes containing Sml glucose media and 100, 200,
300 or 400 pmole [’H]-pABA. After incubating for Sh the E.coli was harvested and the
radioactive content of each pellet expressed as a percentage of total [’H]-pABA added.
Concentrations of 100-300pmole/5ml [*H]-pABA gave roughly 42% incorporation while
400pmole/5ml gave only 37% incorporation. Therefore 300 pmole/5ml was the

concentration used.

2.4.3. Optimisation of Inhibitor Concentrations

Determination of the Tmp concentration to be used A 200ul aliquot of the washed second
growth pellet was added to a duplicate series of tubes containing Tmp serially-diluted from
200ug/ml to 200ng/ml. The tubes were incubated for 4h when bacterial density was

determined and plotted against Tmp concentration. From this, the minimum concentration

of Tmp giving maximum inhibition was determined.

Determination of the sulfamethoxazol concentration to be used A 200ul aliquot of the
washed second growth pellet was added to a duplicate series of tubes containing
sulfamethoxazol (SMX) serially-diluted from 2mg/ml to 200ng/ml. The tubes were
incubated for 4h when bacterial density was determined and plotted against SMX

concentration.



Determination of the inhibitory concentration of pABA A stock solution of containing
8mg pABA per ml was made up in glucose media and the pH adjusted to pH 7.2 with
K,HPO,. This stock solution was diluted appropriately with glucose media to give a
duplicate dilution series from 8mg/ml to 0.8mg/ml. Tubes were inoculated with 200ul of
the washed second growth pellet and incubated for 4h before bacterial density was

determined.

2.4.4. Comparison of the Extraction and Deconjugation Methods

Human Serum Conjugase The washed pellet was resuspended in 500ul ascorbic acid (2%
w/v), 10mM mercaptoethanol (pH 4.5) and the cells lysed by sonicating on ice for 20sec x
3 (with 30sec break between cycles). Debris and intact cells were removed by
centrifuging at 10,000g for 2min. The supernatant was deconjugated by adding 100ul

freshly prepared human serum and incubating for 60min at 37°C.

Rat Plasma Conjugase The washed pellet was resuspended in 500ul HEPES buffer
(100mM), ascorbic acid (2%), mercaptoetanol (100mM) and the cells lysed by sonicating
on ice for 20sec x 3 (with 30sec intervals between cycles). Debris was removed by
centrifuging at 10,000g for 2min. The supernatant was deconjugated by adding 100ul

EDTA rat plasma (stored at —=70°C) and incubating for 45min at 37°C.

Determination of dihydrofolate stability during extraction and deconjugation After
washing the E.coli pellet was spiked with a known quantities of cold DHF before it was
resuspended in buffer, lysed and deconjugated. Samples were chromatographed and DHF
stability determined by relating DHF peak heights to a standard plot. DHF was found to

be 87+2% (n = 3) stable under the conditions used for rat plasma deconjugation while it
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was approximately 30% stable under the conditions used for human serum deconjugation.
The DHF was almost totally destroyed (< 5% recovery) when stored at -70°C in ascorbic

acid buffer.

2.4.5. Sample Preparation and Chromatographic Analysis of Cell Extracts:

Several chromatographic methods for the separation of folate monoglutamates were tested.

The two methods used here were found to give best peak resolution (results not shown).

Harvesting of bacteria, sample preparation and HPLC analysis The bacteria was
harvested at timed incubation periods and the pellet resuspended in 500u1 HEPES
(100mM, pH 7.3) containing f-mercaptoethanol (100mM),and sodium ascorbate (2%
w/v). The bacteria were lysed by sonication on ice for 20sec x 3 (Sonifier 450, Branson

Ultrasonics, Danbury, CT) fitted with a microtip.

Samples were deconjugated by incubating for 45min at 37°C with 100yl rat plasma and
chromatographed on a 3y Kingsorb (4.6x150mm) ODS-2 column (Phenomenex). A
SecurityGuard pre-column module (Phenomenex) containing a disposable ODS insert
(3x4mm, Phenomenex) was attached between the injection port and the column. The
column was eluted isocratically at 1ml/min with SmM Pic A (Waters, Milford, MA) in
0.1M sodium acetate (pH 6.0), containing methanol at 16% (v/v). Fractions were collected
at 0.5min intervals using a Frac-100 fraction collector (Pharmacia Biotech, Uppsala,
Sweden), dissolved in EcoLite scintillation fluid (ICN, Costa Mesa, CA) and counted on a
1500 Tricarb scintillation counter (Packard Canberra, Reading, UK). The magnitude of

cach peak was expressed as a percentage of total radioactivity injected onto the column
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and the retention times compared to those of folate standards detected at 280nm on a SPD-

6A UV spectrophotometer detector (Shimadzu, Kyoto, Japan).

Chromatographic separation of THF and 10-CHO-THF On occasion growth conditions
resulted in the accumulation of THF and/ or 10-CHO-THEF, resulting in their co-elution
from the Kingsorb column. In this case deconjugated extracts were also chromatographed
on a 10p yBondapak (3.9 x 300mm) C,; column (Waters) eluted with citrate-phosphate
buffer. A GuardPak pre-column module (Waters) containing a disposable C,g insert
(Waters) was attached between the injection port and the column. The column was eluted
isocratically at 2ml/min with citrate-phosphate (S0uM, pH 4.0) : acetic acid (1.5%, v/v) :

methanol :: 80: 8: 12. Fractions were collected and counted as before.

A schematic flow diagram of the experimental procedure is shown in [Fig. 2.5]

2.4.6. Sundry Techniques Employed

Identification of metabolically-produced folic acid Extracts from Tmp treated samples
(24h) were prepared and chromatographed as described and the fractions corresponding to
the folic acid peak were retained and pooled. To 100ul of this pool was added 40ul
HEPES buffer (1M), 80ul sodium ascorbate (10% w/v), 40ul B-mercaptoethanol (1M) and
40pul NADPH (1M). The volume was made up to 400yl with H,O and divided in two. To
one half was added 2yl bovine liver dihydrofolate reductase (1 unit/ 20ul, Sigma), the
other was left untreated Both samples were incubated for 15min at 25°C and
chromatographed by HPLC. [’H]-Folic acid was identified by its co-elution with an

authentic standard and through enzymatic conversion by bovine liver dihydrofolate
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Fig 2.5. Schematic diagram of the experimental proceedure.



reductase to tetrahydrofolate and co-elution with authentic standard on HPLC. The

chromatographic profile of the untreated sample remained unchanged.

Metabolic re-utilisation of folic acid upon removal of inhibitor Two tubes each containing
Sml of glucose media and Tmp were inoculated with 200ul of the second growth pellet.
After 2h incubation both cultures were mixed and re-divided before harvesting. One pellet
was prepared for HPLC analysis while the other was resuspended in 8ml glucose media
and centrifuged. The washed pellet was resuspended in Sml glucose media and incubated

for a further 4h, then harvested and extracted for HPLC analysis.

Identification of folic acid and pABGlu as polyglutamates Tmp-treated cultures were
harvested at 4h and extracted for folic acid and pABGlu. Without conjugase treatment,
this extract was divided in two. A 200ul aliquot of one half was incubated for 10min with
20ul HCI (6M) and 10mg zinc dust. The other half was left untreated. Both samples were
chromatographed on a yBondapak (3.9mm x 30cm ) C,4 column (Waters). A pre-column
module containing a disposable Cg insert (RCSS Guard Pak, Waters) was attached
between the injection port and the column. The column was eluted isocratically at 2ml /
min with citrate-phosphate (0.1mM, pH 4.0): acetic acid (1%): methanol (80: 14: 6).
Fractions were collected at 0.5min intervals and assayed for radioactivity by scintillation
counting. Authentic pABA-polyglutamates (n=1, 3, 5, 7) and folate monoglutamate

standards were chromatographed to establish their elution position on the chromatogram.

Determination of total folate in E.coli Bacterial cultures were harvested, the cell pellets
were resuspended in 500u] ascorbic acid (1%w/v), B-mercaptoethanol (10mM) and lysed
by sonication. Extracts were deconjugated by incubation with fresh human serum (100pul)

for 1h at 37°C. Serial dilutions in triplicate (from 1 in 4 to 1 in 4°) were made of the
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deconjugated sample in ascorbic acid (1%) and assayed by microbiological assay [see
Section 2.3.2]. The serum folate concentration was determined and subtracted to give

bacterial folate values.

2.5. Inhibition of De Novo Folate Biosynthesis in E.coli.

Inhibition of exogenous [°’H]-pABA incorporation by Tmp The first E.coli growth was
grown to log phase as usual. 500ul of this first growth was used to inoculate 10ml of
glucose media containing 100pmol [PH]-pABA and either 0, 6ng/ml or 600ng/ml Tmp. At
timed intervals the bacterial density of each growth was determined. At the same time
600ul of the bacterial suspension was removed, the bacteria pelleted by centrifugation at
4,500rpm for 12min. The radioactivity of 500ul of supernatant measured and the

percentage radiolabel incorporated into the bacteria calculated.

Identification of the radiolabelled species in the supernatant After either 6.25h (O or
6ng/ml Tmp) or 11.5h (60ng/ml Tmp) incubation, 600ul of the E.coli growth was removed
and the bacteria pelleted (as above). The supernatant was chromatographed on a
puBondapak (4.6x300mm) C,g column (Waters) using the HPLC system described in
Section 2.4. A SecurityGuard pre-column module (Phenomenex) containing a disposable
ODS insert (3x4mm, Phenomenex) was attached between the injection port and the
column. The column was eluted isocratically at 2ml/min with 80:14: 6:: citrate-phosphate
buffer (S0uM, pH4.0): acetic acid (1% v/v): methanol. Fractions were collected at 0.25min

intervals and counted on a scintillation counter.
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2.6. Inhibition of Folate Metabolism in L.casei

2.6.1. Basic Techniques

Preparation of growth media The growth media used was a modification of the Folate
Assay Media as 7g/100ml Folic Acid Casei Medium (Difco) was substituted for the Folic

Acid Broth (Merck).

Determination of bacterial turbidity The turbidity of 300ul of samples in a 96-well plate
was measured at 590nm using a Multiskan Plus plate-reader (Lab Systems, Helsinki,

Finland).

2.6.2. Optimisation of Growth Conditions

Optimisation of incubation period for each growth A plot of incubation time versus
bacterial density was drawn for each growth, from this the incubation period when the
L.casei was in log phase growth were determined. All experimental procedures were

performed on bacteria in log phase growth.

50ul of cryopreserved L.casei suspension was used to inoculate 10ml L.casei growth
media containing 2ng/ml folic acid. The first growth was incubated for 33hrs at 37°C
before 20ul was used to inoculate 10ml L.casei growth media containing 10ul (130ng)
[PH]-folic acid. The second growth was harvested after 22hrs incubation by centrifugation
at 3,000g for 10min. The pellet was resuspended in 40ml L.casei growth media containing
2ng/ml folic acid and 10ml pipetted into each incubation tube. The required amount of

TMP or MTX was then added to each tube and the tubes incubated for the required period
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before they were harvested and prepared for HPLC using a modification of the method

employed for the E.coli, whereby cells were sonicated for 30sec each time.

2.6.3. Optimisation of Inhibitor Concentrations

Determining the minimum inhibitory concentration of Tmp or MTX A duplicate series of
tubes containing 10ml of inoculated L.casei growth media and Tmp or MTX serially-
diluted from 200pg/ml to 200ng/ml was prepared. The tubes were incubated for 12h when
bacterial density was determined and plotted against inhibitor concentration. From this, the

minimum concentration of Tmp and MTX giving maximum inhibition were determined.

Effects of duel inhibition (FDU and Tmp) on L.casei growth An inhibition series was
prepared in triplicate containing 2ng/ml-200xg/ml 5-FDU + 1pg/ml Tmp. Each 10ml of
L.casei growth media was then inoculated with half the normal inoculate (i.e. the pellet
from each tube was resuspended in 4ml of growth media and 0.5ml used to inoculate each
growth tube). Growth turbidity was measured after 12 hrs incubation and plotted against

5-FDU concentration.

Effects of thymine supplementation on growth inhibition Inoculated tubes were prepared +
200pg/ml thymine. The tubes were then incubated for 30min before the following

additions were made to quadruplicate tubes:

Tube Number 1 2 3 4
TMP (1pg/ml) = + + =
5-FDU (20ug/ml) - - + +
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Bacterial turbidity was measured at timed intervals and plotted against incubation time.

2.7. Inhibition of Folate Metabolism in Mouse Lymphocytes (L1210 Cells)

2.7.1. Basic Techniques

Maintenance of cell cultures 1.1210 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 1mg/L folic acid incubated at 37°C in a humidified
atmosphere with 5% CO,. Cells were maintained by passaging 1 in 10 in fresh media

every two days.

Folate depletion of cells 0.5ml of maintained growth (8x10° cells/ml) was passaged into
4.5ml of folate free DMEM and incubated for 48h, 0.5ml was then passaged into 4.5ml

folate free DMEM and again incubated for 48h.

Labelling of cells 0.5ml of the folate depleted cells were passaged into 4.5ml of DMEM
containing 15ul [’H]-5-CHO-THF and grown for 60Hrs. Cells were harvested by
centrifugation at 1,000rpm for Smin, the pellet was washed by resuspending in 2ml

DMEM and repelleted.

2.7.2. Treatment of Cells and Chromatographic Analysis of Extracts

MTX inhibition of cells The pellet was resuspended in 20ml DMEM containing 1mg/Il
folic acid and 10% conditioned media (supernatant from maintained culture, grown for
48hr). Cells were plate in Sml amounts and the required amount of MTX added. Cell
suspensions were incubated for timed intervals before the cells were harvested by

centrifugation at 1,000rpm for Smin., the pellet washed in 2ml DMEM and pelleted.
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Folate extraction and treatment The pellet was resuspended in 500ul of extraction buffer
(HEPES (100mM), sodium ascorbate (2% w/v), mercaptoethanol (100mM)) and sonicated
on ice for 15sec. Protein was digested by adding 0.5units proteinase K-agarose (Sigma)
and incubating at 37°C for 30min. The protease was removed by centrifuging at 13,000rcf
for 4min. 400ul of supernatant was carefully removed and 100ul rat serum added (stored
at =70°C), this was incubated for 45min at 37°C to deconjugate folates. Samples were

chromatographed by HPLC as described previously.

Determination of bound radiolabel Sephadex G-50 (Sigma) was pre-swollen in HEPES
(100mM), sodium ascorbate (2% w/v), mercaptoethanol (100mM) and used to fill a glass
column (300 x 8mm) to a height of 12cm. The column was bedded down using 30ml of
the same buffer. 200ul of protease-treated or untreated L1210 lysate or E.coli lysate
(deconjugase untreated) were mixed with 100ul of a blue dextran (Mr = 66kDa) solution
and loaded onto the column. The column was eluted with the same HEPES / ascorbate
buffer, 3ml fractions were collected and counted for [’H]. The elution volume of blue

dextran was determined by its blue colour.
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PARTI

STUDIES IN HUMANS

[S]tructure, since it survives nearly intact when a cell or organism dies, is clearly not
life, although a high degree of structure is probably required for life. Disruption of
the...chemical activities of an organism is death; by the same token, these chemical

activities, collectively, are life.

Daniel E. Atkinson (1977)
Cellular Energy Metabolism and Its Regulation

(Academic Press , New Y ork)
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CHAPTER 3

FOLATE CATABOLISM AND EXCRETION IN

(NON-PREGNANT) HUMANS

3.1. Introduction

It1s well established that the daily requirement for folate is far greater than that lost due to
excretion of intact folate, suggesting that the utilisation of folate is associated with a
regular catabolic process (Jukes et al., 1947). Early studies by this laboratory in rats
(Murphy and Scott, 1976; Murphy et al., 1976a & 1976b) and by Krumdieck (1978) in
man using [’H] or ["*C]-labelled PteGlu have shown that folate catabolism proceeds by
cleavage of the C9-N10 bond with release of pteridins and p-aminobenzoglutamate
(pPABGIlu). In mammals the pABGlu is acetylated to p-acetamidobenzoylglutamate
(apABGlu), the major catabolite found in urine (McPartlin ef al., 1992 and 1993). While
radio-labelling studies have proved invaluable in providing data about the mechanism
(Murphy and Scott, 1976; Murphy et al., 1976a & 1976b; Krumdieck, 1978) and kinetics
(Geoghegan et al., 1995) of folate catabolism they have not provided quantitative
information about the extent of folate catabolism. Thus an assay for determining the
excretion levels of pABGlu and apABGlu was developed by this laboratory (McPartlin ez
al., 1992). This method utilises the fact that while several forms of pteridine may be
formed during folate cleavage pABGlu and apABGlu are the sole cleavage products
formed and excreted on the N 10 side of the bond (Geoghegan et al., 1995). By
quantifying the extent of their excretion into the urine over a 24h period the rate of folate
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catabolism can be determined. We therefore set out to assess the rate of folate catabolism
in men and non-pregnant women, by measuring pABGlu and apABGlu concentrations in
24 hour urine samples, and thereby determine folate loss by this route. As the female
subjects also served as a control (non-pregnant) cohort for our pregnancy group [Chapters
5 and 6] we were in a position to examine the effect of supplementation on the rate of
folate catabolism. This was considered important in light of the suggestion (Wang et al.,
1994; Sauberlich et al., 1987; McNulty et al. 1993a) that folate status or intake may

influence such catabolism.

We also investigated whether the combined oral contraceptive pill (COCP) increased the
rate folate catabolism, as it has long been recognised that the use of the COCP can cause

folate deficiency (Lambie and Johnson 1985).

3.2. Results

3.2.1. Folate Loss in Men The urine from twenty three men was assayed for pABGlu,
apABGlu and folate as described in [Chapter 2]. The results for these samples are shown
in [Table 3.1]. No correlation observed between the daily rate of excretion of apABGlu,

pABGlu or urinary folate with the basic clinical characteristics of weight or age.

apABGlu* pABGlu* Urinary folate
(pg/day) (ng/day) (pg/day)

28.0(14.1) 71 (14) 65.2 (26.3) 12.6 (4.3) 6.1 (3.4)

Age (Years) Weight (kg)

Table 3.1: Basic clinical characteristics (mean (SD)) of male subjects (n = 23). *Both
apABGlu and pABGlu are expresses as folate equivalents, on the basis that pABGlu (Mr =

266.3) 1s 0.6 times the molecular weight of folic acid (Mr = 441).
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3.2.2. Folate Loss in Women In a similar manner to the men, 24 hour urine samples were
collected from non-pregnant women (n = 24) and assayed for pABGlu, apABGlu and
folate. In addition to the urine, bloods were collected for full blood count, serum folate,
total serum homocysteine, serum vitamin B,, and red cell folate analysis [Table 3.2]. A
dietary questionnaire was taken to assess folate intake. Subsequently the women were
supplemented with 500ug folic acid per day for 4 months after which period urine and
blood were again collected for analysis. At 4 months supplementation there was a
significant increase in levels of haemoglobin (p= 0.02), red cell folate (p < 0.001), serum
folate (p = 0.001) and serum B,, (p = 0.009) [Table 3.2]. Urine analysis showed that the
mean rate of total folate loss significantly increased with supplementation (p < 0.001),
however this was driven by an increase in the rate of pABGlu (p < 0.001) and folate (p =
0.014) excretion [Table 3.2] as apABGlu excretion had not significantly changed (p =
0.0785). There was no correlation between the rate of excretion of apABGlu, pABGlu or
urinary folate with the basic clinical characteristics of dietary folate intake, weight, age or

height.

In examining the relationship between catabolism and folate status we showed a
significant correlation (p < 0.05) between pABGlu and serum folate concentrations post
supplementation and between apABGlu and serum folate concentrations at baseline and

post supplementation.

Since there was a significant correlation between pABGlu and apABGlu with serum folate
concentration we sought to determine how this relationship related to the change in folate
status observed with supplementation. In doing so we hoped to examine the divergence

between the two elements, pABGlu and apABGlu, in their relationship to the change in
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Control group (n = 24)

COCP group

Baseline Supplemented (n=4)
Age (years) 24.6 (1.5) N.D. 25 (0.8)
Weight (kg) 65.6 (6.6) N.D. 64.2 (4.5)
Haemoglobin (gm/dl) 13.1 (0.8) 13.8 (0.8)* 138:0 (@15
Red cell folate (ng/ml) 256 (85.6) 427.4(197.1)" 232 (55.4)
Serum Folate (ng/ml) 8.8(6.1) 16.0 (8.4) 1.5.3B0)
Serum B,, (pg/ml) 624 (192) 710 (237)" N.D.
Dietary folate intake (pg/d) 318 (121) N.D. 442.3 (256)
apABGlu (pug/day) 43.1 (23.3) 3.3 (24.3) 81.7 (28.O)Jr
PABGIu (ug/day) R85 17.3 (7.0)' 16.2 (2.7)
Urinary folate (ug/day) 5.8 (4.0) 1222 (10:S)% 9.2 (10.9)

Table 3.2: Basic clinical characteristics (mean (SD)) of female subjects. Both apABGlu
and pABGlu are expresses as folate equivalents, on the basis that pABGlu (Mr = 266.3) is

0.6 times the molecular weight of folic acid (Mr = 441). Significantly different to control

(Baseline) group: *p <0.05; Tp < 0.005.



folate status. While there was a significant correlation between the change in pABGlu
excretion and change in serum folate concentration with supplementation (p = 0.015;r =
0.50) [Fig 3.1a] there was none between change in apABGlu excretion and change in

serum folate (p=0.221; r=0.25) [Fig 3.1b].

3.2.3. Folate Loss in Women using the Combined Oral Contraceptive Pill: Four of the
twenty eight female subjects recruited for the study were taking the combined oral
contraceptive pill (COCP). As use of hormonal contraceptives is known to interfere with
folate metabolism they were excluded from our main control group and were instead
assessed separately. Subjects taking the COCP has a significant higher rate of apABGlu
excretion (p = 0.0049, pooled t-test) compared to the control (baseline) group [Table 3.2],
but were not significantly different (p > 0.05) with respect to any of the other clinical

characteristics measured.

3.3. Discussion

Our findings show that folate supplementation significantly increased serum folate and red
cell folate concentrations over the experimental period. At the same time, pABGlu
concentrations also increased. The mode of pABGlu production is as yet unclear but may
be the result of chemical or bacterial folate breakdown in the bloodstream, kidney or
bladder, or in the case of orally administered folate, in the intestine. Definitive evidence
for pABGlu breakdown in the blood would have been available with direct measurement

of pABGlu in the serum. However this was not technically feasible. The possibility that
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pABGlu is a surrogate of urinary folate is substantiated by the research by Anderson et al.
(1960) and Johns et al. (1961) who showed that in acute experiments the rate of radiolabel
excretion was a function of the amount of [’H]-folic acid administered. In the present study
we show that the rate of folate excretion is also increased in the urine by prolonged

supplementation.

While there was a slight increase in apABGlu excretion over the supplementation period
this increase, in contrast to pABGlu excretion, was not significant. By expressing the data
as a correlation between the change in serum folate concentration and catabolite
concentrations at baseline and post supplementation it was possible to demonstrate the
critical metabolic difference between pABGlu and apABGlu. On the one hand, the change
in pABGlu excretion during supplementation appears to be driven by change in serum
folate [Fig 3.1a] providing further evidence in support of Geoghegan et al. (1995) who
showed that pABGlu is the product of non-catabolic folate breakdown. On the other hand,
the change in apABGlu appears to be independent of change in serum folate [Fig 3.1b]. At
the cellular level this may indicate a threshold folate concentration required for optimum
function, above which additional co-enzyme is superfluous. This corroborates the findings
of McNulty e al. (1993a) that pABGlu excretion decreased in rats when switched from a
folate sufficient diet to a folate deficient diet while apABGlu excretion remained
unchanged, and is consistent with the finding of Geoghegan et al. (1995) that apABGlu

represents metabolic utilisation and catabolism of folate [see also Chapter 6].

In the case of subjects who were taking the combined oral contraceptive pill (COCP) we
demonstrated a significant increase in the rate of apABGlu excretion. This data may

explain the folate deficiency often associated with use of the COCP. The increased rate of
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folate catabolism with use of the COCP may reflect a hormonally induced changes in
redox state or in enzyme activity or concentrations and that a similar mechanism pertains
in pregnancy. For instance activity of another folate metabolising enzyme, folate
conjugase, can be hormonally stimulated (Krumdieck, 1975), as are enzymes in the
methylation cycle (M.J. van der Mooren et al., 1994 & 1995; J. Silberberg et al., 1995).
This finding further highlights the particular importance of periconceptional folic acid

supplementation in women who have been using COCP.

While pABGlu excretion may not be a product of metabolic folate catabolism, it still
represents an inescapable folate loss, much like urinary folate. Therefore, concentrations of
all three urinary products, intact folate and both catabolic products are used to determine
the rate of folate loss. In calculating these values the non-supplemented baseline urinary
concentrations are used as they represent the loss accruing to a normal replete population.
Thus the total urinary folate (folate plus catabolites) loss in normal healthy men and non-
pregnant women was 84 (30) ug/day and 62 (26) pug/day, respectively. The implicating of
these findings in determining a Recommended Daily Allowance (RDA) are discussed in

[Section 11.1].
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CHAPTER 4

RESPONSE OF TOTAL HOMOCYSTEINE TO FOLIC ACID

SUPPLEMENTATION, AND ITS CHANGING RELATIONSHIP

WITH SERUM FOLATE AND VITAMIN B1_2

4.1. Introduction

A 5 uymol/l increase in tHcey is thought to increase in risk of CAD by a comparable level to
a 0.5 mmol/l increase in cholesterol (Boushey ef al., 1995). Thus assuming a causal link
between CAD and tHcy, the potential decrease in tHcy due to food fortification with folic
acid had the potential to reduce deaths from CAD by 13,500 to 50,000 annually in the

United States.

A number of reports have shown that folic acid supplementation and fortification are
effective in increasing serum and red cell folate concentrations and lowering tHcy (Ward
et al., 1997, Cuskelly et al., 1996, Jacques et al., 1999). However, the maximum effective
dose in lowering tHcy was found to be 200ug folic acid per day (Ward et al., 1997).
While higher levels of supplementation increased serum folate concentrations they had no
additional effect in lowering tHcy. We therefore set out to examine the affect high dose
(>200ug/day) folic acid supplementation might have on the relationship between tHcy and

two of the co-enzymes involved in its metabolism, folate and vitamin B,,.
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4.2. Results

As two of the prime candidates for the regulation of tHcey are folate and vitamin B ,, both
these vitamins were assayed, as well as tHcy, in the serum of the 24 student midwives [see
Chapter 3]. After the initial sample collection subjects took 500ug/day folic acid for four
months, at which time blood was again taken for analysis. Supplementation resulted in a
significant increase in serum concentrations of both vitamin B, and folate while serum
tHey concentrations were significantly lower in comparison to baseline concentrations (p <

0.05) [Table 4.1].

Baseline Supplemented
Serum Folate (pg/l) 8.6 (6.1) 1S5.5/(8:5)F
Serum B, (ng/l) 616 (192) 690 (220)*
Serum tHcy (gmol/l) 11.0 (3.6) T4 @23)E

Table 4.1. Mean (SD) serum folate, serum vitamin B, and serum tHcy concentrations at
baseline and post supplementation with 500ug/d folic acid for 4 months. Significantly

different from baseline: *p < 0.001

Further analysis showed that at baseline (pre-supplementation) there was an inverse
correlation between tHcy and serum folate concentrations [Fig 4.1a], but no correlation
between tHcy and vitamin B,, concentrations [Fig 4.1b]. However, post supplementation
the correlation between tHey and serum folate concentrations was absent [Fig 4.1c] as

there was now an inverse correlation between tHcy and vitamin B,, concentrations [Fig

4.1d].
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4.3. Discussion

Here we confirm the previous finding (Ward er al., 1997; Cuskelly et al., 1996; Jacques et
al., 1999) that folic acid, when given to subjects normally considered to be replete for the
vitamin, was effective in lowering tHecy. On further analysis, we show that tHcy
concentrations in these subjects were dependent on the serum folate concentrations,
suggesting that in these subjects folate availability is the rate limiting factor in the cycling
of homocysteine. However, upon folic acid supplementation this dependence on folate
concentration disappears. This suggested that folate concentrations had increased
sufficiently so as to be no longer rate limiting. However, as a correlation was now
observed between vitamin B,, concentrations and tHcy it would appear that availability of

vitamin B, coenzyme was now the rate limiting factor in the homocysteine remethylation.

We have shown elsewhere (Quinlivan et al., unpublished data) that this shift in regulation
of tHey concentration from a dependence on folate concentration to a dependence on
vitamin B, concentration is gradual and dependent on the level of folic acid
supplementation. As supplementation concentrations increase the correlation between
serum folate and tHcy decreases until, at about 200ug/day there was no significant
correlation between them. Finally, at folic acid concentrations above 200ug/day the
correlation between vitamin B,, and tHcy increases, becoming significant at
supplementation levels of 400ug/day. In this study subjects were replete for vitamin B,,.
Thus the threshold effect, where folate supplementation has no additional effect in

lowering tHcy, could be lower in subjects who are less replete for vitamin B,,.
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Thus, the finding (Ward et al., 1997) that increasing folic acid supplementation from
200ug/day to 400pug/day had no significant effect on plasma Hcy concentrations may be
explained by the fact that supplementation with 200ug/day optimised folate status,
resulting in a folate status which was no longer limiting the rate of homocysteine
methylation. Therefore, additional supplementation had no further effect on tHcy.
However, as vitamin B,, would now appeared to be limiting the rate at which
homocysteine was recycled. This suggests that vitamin B,,, when taken in conjunction
with continued folic acid supplementation, may be of further benefit in lowering tHcy

relative to folic acid supplementation alone.



CHAPTER 5

FOLATE CATABOLISM AND EXCRETION IN

PREGNANT HUMANS

5.1. Introduction

The earliest reported cases of clinical folate deficiency was the "pernicious anaemia of
pregnancy" reported by Wills in 1931. As discussed in [Section 1.5] a number of studies
have reported an association between inadequate folate intake or status and low birth
weight, spontaneous abortion and premature birth. The role of folic acid supplementation
in preventing dietary folate deficiency is probably best demonstrated by the study by
Baumslag er al. (1970) in South Africa. They recruited two population groups, a Caucasian
group who’s normal diet was folate replete and a Bantu group who consumed a low folate
diet. In the Caucasian group folate supplementation had no effect on the already small
number of low birth weight children, as the mothers’ diet was presumably already replete
for folate. However, in the Bantu group folic acid supplementation reduced the incidence
of children with birth weight of less than 2.27kg from 30% (19/63) to 6% (4/65), a rate
comparable to that of the Caucasian research group. But even in mothers normally
considered to be replete, as judged by their plasma and red cell folate concentrations, a
positive correlation has been observed between maternal red cell folate concentration and
birth weight (Ek, 1982). This increase in birth weight may in part be due to an increased
gestational age, as folic acid supplementation has been shown to prolong the mean

duration of pregnancy by a week in replete subjects (Blot et al., 1981). This addition
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gestational period may be important to the development of the child as term infants have
significantly higher red cell folate concentrations than infants of lower gestational age (Ek,
1980). This increase in red cell folate concentrations at term is thought to occur through
the increased transfer of folate from the mother to the foetus in the last weeks of
pregnancy. The importance of taking folic acid supplements preconceptually or within the
first few weeks of pregnancy was demonstrated by the finding that women who begun
supplement before their last menstruation period had a significantly higher birth-weight
and a lower incidence of children with low birth weight (below 2.5kg) than women who
only began supplementation during the first 19 weeks of pregnancy (Rolschau et al.,
1999). Meanwhile, the incidence of those congenital malformations classified as occurring
in the first 5-6 weeks of gestation (i.e. NTD's, microcephalus, anomalies of the eye or ear,
cleft lip) when compared as a whole, were significantly decreased when supplementation
began before or within the first 5 weeks of pregnancy, compared to mothers who began
supplementation after this period (Ulrich et al., 1999). Thus, while in many cases dietary
consumption of folate is adequate to sustain normal metabolic function during pregnancy,
where there is an underlying folate deficiency, or where folate intake is inadequate to meet

demand, this inadequacy may be exacerbated by pregnancy.

Due to complications of pregnancy caused by folate deficiency and because of its
historical significance, the means by which folate requirement increases during pregnancy
has become a subject for investigation. As the predominant mode of folate loss is through
catabolism [see Chapter 3], the role of this mechanism in causing folate deficiency in
pregnancy has been investigated. The rate of folate catabolism was shown to increase
significantly in rats during pregnancy (McNulty et al., 1993b), while a pilot study (n = 6)

conducted in this laboratory (McPartlin et al., 1993) demonstrated a similar increase in
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humans. We therefore set out to repeat this earlier human study using a larger number of

subjects and employing a more stringent collection protocol.

6.2. Results

Of 31 women recruited five were excluded because they could not tolerate the strict
dietary regimen, one woman had a spontaneous abortion at 20 weeks gestation and another
was excluded as she developed pre-eclampsia. Of the 24 women included in the final
analysis 22 completed all four phases while the remaining two women completed the three

antenatal phases but not the postpartum phase [Table 5.1].

Age (years) Height (cm) Folate intake Birth Weight

(pg/day)* (gm)
28.4 (5.0) 160.1 (5.8) 365 (148) 3557 (201)
Placental Qestation at Nulliparity Caesa.rean
Weight (gm) Birth (weeks) Section
540 (56) 39.7 (1.2) 12 (50%) 2 (8%)

Table 5.1: Basic clinical characteristics of the pregnant subjects. Results expressed as

mean (SD) or n (%) where appropriate. ¥Measured at second trimester.

Analysis by ANOVA revealed a significant effect of gestation on the mean rate of total
folate loss (p < 0.001), mainly driven by the change in the rate of apABGlu excretion [Fig
5.1]. Mean apABGlu excretion was significantly higher in the third trimester than in the
first (p<0.001) and second (p=0.03) trimesters and postpartum (p<0.001). There was no

effect of gestation on haemoglobin, red cell folate or serum vitamin B,, nor, upon
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Fig 5.1. Excretion of folate and its catabolites, pABGlu and apABGlu, by non-pregnant controls and at each trimester of pregnancy.



exclusion of postpartum changes, on serum folate [Table 5.2] nor on the rate of excretion
of intact folate [Fig 5.1]. The increased folate excretion postpartum (p < 0.001) must be
interpreted carefully due to possible contamination with lochia but correspond to a

significant decrease in serum folate concentrations (p < 0.001).

1 Trimester 2™ Trimester 3™ Trimester ~ Postpartum

Haemoglobin (mg/dl) 12.1 (0.9) 117 (ks) 11.9(4.2) 11.3(1.4)
Red Cell Folate (ng/ml) 450 (235) 575 (245) 504 (181) 496 (231)
Serum Folate (ng/ml) 11.61(5:5) 15.3 (8.0) 14.7 (5.9) 5.0 (2.6)
Serum B,, (pg/ml) 522 (173) 480 (179) 433 (168) 516 (175)

Table 5.2. Haematological effects of pregnancy. Results expressed as mean (SD).

There was no correlation between the excretion rate of apABGlu, pABGlu or folate with
maternal age, maternal weight, maternal dietary folate intake (second trimester), birth
weight or placental weight. Parity had no effect on the rate of excretion of folate and its
catabolites. However, there was a significant correlation between serum folate
concentration and rate of apABGlu excretion at each trimester (p < 0.01) but not
postpartum. There was also correlation between A[serum folate] and A[apABGlu] between
first and second trimester (p = 0.002; r = 0.656) and between third trimester and
postpartum (p = 0.002; r = 0.646) but not between second and third trimester, where a bi-

phase relationship was observed [Fig 5.2].

The mean rate of total folate loss, i.e. the sum of pABGlu, apABGlu and intact folate, was
significantly greater at each stage of pregnancy than the baseline controls [Fig 5.1] and the
rate of apABGlu excretion greater than either the non-pregnant baseline or post

supplemented controls [see Table 3.2] The dietary folate intake (mean +SD) in the
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pregnant group (365ug+148) was not significantly different from the non-pregnant group

(318pg+120).

5.3. Discussion

We show that the rate of total folate loss increased significantly during pregnancy [Fig
5.1]. This increased folate loss was driven solely by an increase in the rate of folate
catabolism, as represented by the increase in apABGlu excretion. As with non-pregnant

subjects, apABGlu excretion accounted for the majority of folate lost during pregnancy.

Folate and pABGlu excretion increased significantly with supplementation in non-
pregnant subjects, corresponding to an almost doubling of serum and red cell folate
concentrations [Table 3.2]. Pregnant subjects were similarly supplemented between the
start of the second trimester and several weeks postpartum. However, there was no
significant increase in folate or pABGlu excretion during pregnancy (apart for the increase
in folate postpartum) [Fig 5.1]. But neither was there an increase in serum and red cell
folate concentrations [Table 5.2]. It is therefore apparent that the increase in pABGlu and
folate excretion in non-pregnant subjects was not as a result of folic acid supplementation,
per se, but rather on the improvement in folate status resulting from supplementation.
While folate (Anderson et al., 1960; Johns et al., 1961) and pABGlu excretion (our group,
unpublished data) increase post folate consumption, our use of a 16 hour washout period
and restricted diet negated the acute effect of dietary folate on this non-metabolic loss of

folate.
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In contrast, the increase in folate catabolism during pregnancy, as represented by
apABGlu, is likely to be metabolic in nature, resulting from hypertrophic and hyperplastic
events, such as foetal-placental growth, breast development and expansion of blood
volume. By graphing the rate of apABGlu excretion against mean time of gestation and
integrating the resulting curve [Box 5.1] we show that by the 34" week of pregnancy a
mean of 18.1mg of folate had been catabolised to apABGlu. This represented an increase
in folate catabolism due to pregnancy of 7.8mg when compared to the folate catabolised
by a non-pregnant subject over the same period (10.3mg). This increase in catabolism
represents a considerable drain on the body's total folate reserve, representing a loss
equivalent to between 35% and 100% of the body's folate stores (estimates for the body's
total folate stores range from 7.5+ 2.5mg (Herbert, 1987) to 22+7mg [value derived from
Hoppner and Lampi, 1980]). While such an increase in folate catabolism should be
adequately provided for by the S00ug/day of folic acid supplement taken by our subjects,
it might be expected that in the absence of supplementation pregnant women would suffer
severe depletion of folate stores, resulting in a decrease in both serum and red cell folate
concentrations. Yet Ek and Magnus (1981) show that in non-supplemented subjects
plasma folate concentrations had only fallen 30% by the 34" week of gestation, while red
cell folate concentrations increase during pregnancy [Fig 5.3]. This is contrary to the result
expected in the absence of supplementation, and points to the possibility of an unknown
adaptive mechanism, resulting in increased folate bioavailability in pregnancy, presumably
either at the level of the gastro-intestinal tract or at the tissue level. In light of this finding

we further analysed our data for evidence in support of this hypothesis.

In both pregnant and non-pregnant subjects a correlation is observed between the rate of
folate catabolism (apABGlu excretion) and folate status (serum folate concentrations). It

would be easy to assume that the reciprocity was due to folate availability regulating folate
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Box 5.1: A graph of rate of folate catabolism (xg apABGlu excretion per day, expressed

as folate equivalents) versus mean day of gestation was drawn:

Rate of Folate Catabolism (ug/day) =
9.6926x10* x (Day of Gestation)* + 0.044601 x Day of Gestation + 53.27

We¢
28 3

LT || T T T T T T ) T

14 28 42 56 70 84 98 112 126 140 154 168 182 196 210 224 238
Day of Gestation

Rate of Folate Catabolism
(ug apABGIu excreted per day)

By fitting a second order polynomial equation (r = 1.000):

(1)  Catabolism = 5.6925 x10* x (Day)? + 1.7639x10"" x (Day) + 43.75

and integrating the equation:

(2)  fy.dDay = 1.975 x10™* x (Day)’ + 8.8195 x10? x (Day)* + 43.7 x (Day)

the extent of folate catabolism up to the 34™ week (238" day) of pregnancy was

calculated: 238

3) Iff Day = 0 to 238 days ... | y.dDay = 18,070ug = 18.1mg

0

Over the corresponding period the amount of folate catabolised by a non-pregnant
subject was calculated as:

4) Catabolism per day x Number of days =43.3ug/d x 34 x 7 = 10.3mg

.. The increase in folate catabolism over 34 weeks of pregnancy is therefore:

(5) Pregnancy - Control = 18.1mg - 10.3mg = 7.8mg
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Fig 5.3. Normal changes in red cell folate and plasma folate during pregnancy in non-supplemented subject (Ek and Magnus, 1981).



metabolism. However, analysis of the data does not support such a causal relationship. If
serum folate concentrations were regulating apABGlu production it would be expected
that upon supplementation, as serum folate concentrations increase, apABGlu
concentrations would also increase. However, in non-pregnant subjects apABGlu was not
significantly increased by supplementation [see Table 3.2], nor was there a correlation
between the change in apABGlu and increase in serum folate [see Fig 3.1b]. Itis only
during pregnancy that the rate of apABGlu excretion increases, an increase probably due
to the acceleration of folate metabolism in pregnancy. This increase in apABGlu excretion

is apparent even by the first trimester of pregnancy before supplementation began.

A further illustration that this relationship is driven by apABGlu and not folate status is
provided by examining the relationship between the change in serum folate and changes in
apABGlu excretion between the trimesters of pregnancy and postpartum. While there was
a significantly and positively correlation between the first and second trimesters [Fig 5.2a],
and between the third trimester and postpartum [Fig 5.2c], a biphasic relationship was
found between the second and third trimester [Fig 5.2b], i.e. the stage of pregnancy at
which folate catabolism was greatest [Fig 5.1]. We show that between the second and third
trimesters, for an increase in apABGlu excretion less than 30ug/day, there is a positive
correlation between the change in apABGlu and change in serum folate concentration.
However, when the increase in apABGlu is greater than 30ug/day a negative correlation
was observed. Thus the rate of apABGlu excretion continues to rise despite the relative

decrease in serum folate concentration.

This suggests a mechanism whereby folate status (serum folate) is adaptive to requirement
(apABGlu) [Fig 3.1b & Fig 5.2]. It is apparent that this mechanism somehow results from

an increase in serum folate concentrations with increasing apABGlu concentrations (Fig
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5.2a, and left-hand part of Fig 5.2b). However, while this adaptive mechanism appears
useful in maintaining a folate status commensurate to requirement it would appear to be
only partially effective as large increases in folate catabolism, such as occur between the
second and third trimester, result in a relative decrease in serum folate (right-hand side of
[Fig 5.2b]). However, large (>30ug/day apABGlu) increases in catabolism are observed at
other stages of pregnancy, as between the first and second trimester of pregnancy, yet a
biphasic relationship is only apparent between the second and third trimesters. A likely
explanation for this observation is that during this period catabolism reaches a maximum.
This, coupled to the earlier attrition of pregnancy (during the first and second trimesters),
may result in a situation whereby the body was unable to adapt to large increases in
requirement, resulting in the biphasic correlation. As the folate requirement (apABGlu)
decreases between the third trimester and postpartum, in part due to cessation of the foetal-
placental drain and corresponding maternal physiological changes, a corresponding

decrease in serum folate concentration was observed [Fig 5.2c].

A possible mechanism whereby modulation of folate bioavailability may occur is
discussed below while a discussion as to why folate status may be matched to requirement

1s discussed later [Section 11.1].

[tis apparent from our data that serum folate concentration and apABGlu excretion are
related. However, it is also apparent that this relationship is not driven by a dependence of
apABGlu excretion on serum folate concentration, but rather the opposite, whereby serum
folate concentrations are dependent on the rate at which apABGlu is produced and
excreted. But rather than suggesting apABGlu's production and consequent excretion was
directly regulating folate status, a more likely explanation is that the factors, hormonal or
otherwise, which regulate catabolism also exert an influence on folate status. However,
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above a certain requirement threshold the body is unable to compensate for the increased

loss of folate and serum folate concentrations no longer truly reflect requirement.

Possible Site of Modulation Increasing dietary folate consumption, even by 200ug/day,
does not result in elevated serum or red cell folate concentrations (Cuskelley et al., 1996),
so it 1s unlikely that the folate status is maintained by increased folate consumption during
pregnancy. While far higher (418ug/d) increase in folate consumption did elevate folate
status (Riddell er al., 2000) such a doubling of folate intake is unlikely to have
physiological relevence in pregnancy. The resulting increase in serum folate concentration
was a fourth of that observed with comparable (437ug/d) folic acid supplementation and

may thus be a result of increased consumption of “free” folates within the diet [Table 1.1].

The use of folic acid supplementation or fortification has been shown to be effective at
elevating serum and red cell folate concentrations, while the increased consumption of
natural folates was ineffective at increasing folate status (Cuskelley et al., 1996; Riddell et
al., 2000). This suggests that there may be a difference in the manner which the body

handles reduced folates and folic acid.

Amounts of folic acid less than 200ug, while effective at elevating serum folate
concentrations (Ward et al., 1997), are readily reduced as they pass through the intestinal
wall (Sweeny, personal communication). Thus the only manner in which folic acid differs
from reduced dietary folate is the manner of its transport across the gut and its ability to
increase folate status. This suggests that the possible site of regulation is at the level of the

intestine.

Reduced dietary folates are actively transported across the intestine by reduced folate

transporters. These reduced folate transporters have a higher affinity for folates with a
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short polyglutamate chain. However, as the majority of dietary folates are in the
polyglutamate form, with chain lengths predominantly of 4-8 residues, they must first be
deconjugated before they are efficiently transported. Dietary folate bioavailability is thus
dependent on deconjugase activity in the lumen, with dietary polyglutamates roughly 50%
bio-available (Bhandari and J.F. Gregory,1990; Rosenberg, 1981) and monoglutamates 90-

100% available (Rosenberg, 1981).

Folic acid, in contrast, is manufactured in the monoglutamate form and is thus not
dependent on deconjugase activity for its uptake. In addition folic acid can either be

transported by the same carriers as folate or can defuse freely across the lumen wall.

Regulation may be due either to modulation of conjugase activity in the lumen, or may be
due to changes in the folate transporter activity. A precedence for such modulation of
conjugase activity is the endocrinal regulation of conjugase activity observed by
Krumdieck et al. (1975 & 1976). Conjugase activity fluctuates in the rat uterus during the
menstrual cycle (Krumdieck et al., 1976), reaching a maximum during proestrus, when
estrogen secretion is highest, and resulting in elevated uterine folate concentrations. In a
similar manner administration of estrogen, in the form of estradiol-17f, resulted in
elevated conjugase activity in the uterus of ovariectomised rats (Krumdieck et al., 1975).
During pregnancy estrogen concentration increase [Fig 5.4] in much the same manner as
apABGlu excretion increases, concentrations of both rising during gestation before falling

postpartum.

Stover et al. (2000) report that folate is catabolised enzymatically . As the activity of this
catabolic enzyme (Stover, personal communication) increases during pregnancy it may be
that the factors governing its activity also regulate lumen conjugase activity or trans-

intestinal folate transport.
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CHAPTER 6

THE EFFECT OF PREGNANCY ON TOTAL SERUM

CONCENTRATIONS OF HOMOCYSTEINE

6.1. Introduction

We have already discussed the association between folate deficiency and birth defects and
complications of pregnancy in [Section 1.5] and in the introduction to [Chapter 5]. One of
the ways in which folate deficiency can manifest itself is by disrupting the methylation
cycle, which results in increased tHey concentrations [Chapter 4]. However, disruption to
the methylation cycle can also result from defective enzyme function, i.e. thermolabile
MTHEFR [Section 1.5], or from vitamin B,, deficiency. Thus, tHcy may be a better marker
of methylation cycle dysfunction than folate status alone. Conditions where a direct
associated has been shown between elevated serum tHcy and increased risk include
placental abruption, low birth weight, spontaneous abortion (Burke et al., 1992; Wouters
et al., 1993; Dekker et al., 1995; Mills et al., 1995;Goddijn-Wessel et al., 1996; Rajkovic
et al., 1997) and coronary-heart disease (CHD) (Boushey et al., 1995). However, while it
is possible that the association between serum tHcy and risk of CHD results from direct
haematological interaction, for instance activation of blood clotting (Rodgers and Conn,
1990; Rodgers and Kane, 1986; Lentz and Sadler, 1991; Hayashi et al., 1992; Hajjar,
1993) or endothelial dysfunction (Chambers et al., 1997), it is not immediately clear how
serum tHcy would cause complications during pregnancy. It appears more likely that

serum tHcy is a secondary marker of cellular conditions, and in particular cellular SAH
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concentrations (Dayal et al., 2000). Thus elevated serum tHcy concentration would be
indicative of elevated cellular SAH concentrations. Accumulation of SAH in the cell
would result from, and result in, aberrant function of the methylation cycle. Defective
entry of methyl-groups into the cycle, as may occur during folate deficiency, retards Hey
methylation which in turn increases SAH concentrations and consequently increase
product inhibition of the methyltransferases (Cantoni ef al., 1978). Studies in vitro show
that SAH is an effective DNA hypomethylating agent (DeCabo et al., 1995), while
adenosine and homocysteine in combination inhibit protein methylation (Ingrosso et al.,
1997). Thus serum tHcy is likely to be good indicator of methylation cycle function.
Further evidence to suggest that serum tHcy is a true indicator of cellular methylation is
suggested by the inverse correlation observed between the methyl-group donors, i.e. folate

and vitamin B,, and serum tHcy [see Chapter 4].

As we have shown in [Chapter 5] folate utilisation is increased during pregnancy. Where
folate intake is insufficient to replace this increased loss this could result in a depletion of
folate concentrations, manifesting itself as clinical deficiency (Wills, 1930). This, coupled
with the decrease in vitamin B, observed in pregnancy [see Chapter 5] should
theoretically affect the methylation cycle’s ability to maintain adequate methyl-transfer.
As methyl-groups are required in the synthesis of numerous compounds required for foetal
development [Table 6.1] disruption of the methylation cycle may account for the
complications of pregnancy observed. We therefore set out to determine what mechanism
may exist to prevent hypomethylation. When our study was originally initiated only two
papers had been published looking at the effects of pregnancy on tHcy (Kang et al., 1986;
Andersson et al., 1992). While both showed that maternal tHcy decreased during
pregnancy, neither study looked at the effect of pregnancy on serum folate and vitamin

B,,, or at the relationship of serum tHcy to these two co-enzymes during pregnancy.
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Product Function

DNA methylation Epigenic gene regulation', regulation of transcription® and

tissue differentiation’

Histone® Epigenic gene regulation and regulation of transcription®
RNA methylation® Regulation of transcription and RNA maturation
Myelin production’  Nerve development

Phosphatidylcholine®  Development of the cell membranes and nerves

Neurochemicals’ Neural function
Creatine" Muscle development
Protein Activation of heat shock proteins''. Signal Transduction'?

Table 6.1. List of some of the end products of pathways involving SAM dependent
methyltransferases. ('Bartolomei and Tilghman, 1997; Heard et al., 1997; Wutz et al.,
1997; Okano, 1998; Gruenbaum et al., 1983. *Tao et al., 2000; Wolf and Migeon, 1985;
Nan et al., 1998; Hsieh, 1994; Razin, 1998. *Gama-Sosa et al., 1983 Ehrlich et al., 1982.
*Cantoni et al., 1979. *Cameon et al., 1999; Razin, 1998; Nan et al., 1998. ®Cantoni et al.,
1979; Long et al., 1983. "Cantoni et al., 1979. ®*Prasad and Edwards, 1981; Crews et al.,
1980. °Cantoni et al., 1979. "Cantoni et al., 1979. "'Ladino and O’Connor, 1992; Wang et

al., 1992. Hrycyna and Clarke, 1993; Yamane and Fung, 1993).



6.2. Results

We show tHcy concentrations were significantly (n = 24; p<0.02) lower during the second
trimester than at any other stage of pregnancy [Table 6.2]. Furthermore, tHcy
concentrations during all 3 trimester of pregnancy were significantly lower than the
postpartum (p < 0.001) or baseline control (p < 0.001) concentrations. The second and
third timester concentrations were also lower (p < 0.01) than the supplemented control
concentrations [Table 6.2]. Postpartum tHcy concentrations increased to a level which was
comparable (p > 0.05) to that of the baseline or supplemented control groups. This
postpartum rise in tHCy corresponded to a 60% decrease in serum folate concentrations

compared to the 3rd trimester [Table 6.2].

As stated previously [Chapter 5] there was no significant change (p > 0.05) in serum or red
cell folate concentrations during pregnancy except for the decrease in serum folate
observed postpartum [Table 5.2]. B,, concentrations were lower during the third trimester
than at any other stage of pregnancy or postpartum, however, this difference was only

significant (p < 0.005) when compared to first trimester or postpartum concentrations.

6.3. Discussion

The design of this study was constrained by the Ethical Committee’s requirement that all
pregnant subjects had to be supplemented with folic acid. However, the observed decrease
in tHey concentration during pregnancy could not be accounted for by this intervention as
serum tHcy concentrations were considerably lower at all stages of pregnancy than even

the supplemented control group despite both groups having comparable concentrations of
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baseline supplemented first second third

: : . postpartum
controls controls trimester trimester trimester
RPN NS il e T4 G0 O 42152 5601612, 9.0 Gl s
(ymol/l) D.
Ser(liltngl/lf;) 5 BE6l), 135695, 116(55), 148@B0): 147(G9l; 59(49%:s
Ser(‘;‘;’/lv)“am‘“ iz 616 (192),  690(220),  522(172)* 480 (178)"* 433 (168)"* 516 (175)

Table 6.2. Serum homocysteine, folate and vitamin B, concentrations [mean (+SD)] for blood taken from controls, at each

trimester of pregnancy and postpartum. Values with the same subscript are significantly different: Uppercase (p< 0.001; LSD),
Lowercase (p<0.05; LSD). Superscripts: significantly different (p<0.05; pooled t-test) from !baseline controls; 2supplemented

controls.



serum folate, red cell folate and vitamin B, (red cell folate was higher only in the third
trimester of pregnancy than the supplemented controls). Moreover, by the first trimester of
pregnancy, before supplementation began, serum tHcy concentrations were significantly
lower than either the baseline or supplemented controls. Also, concentrations of tHey
increased to non-pregnant control levels postpartum despite continued supplementation.
However, of greatest relevance in showing that the decrease in tHcy observed in
pregnancy was not the result of supplementation are those studies where supplements were
not taken (Andersson et al., 1992) or where comparisons were made between those taking
and not taking supplements (Walker et al., 1999). The results from both these studies

appear comparable to ours [Fig 6.1].

None of the papers published thus far (Andersson et al., 1992; Walker et al., 1999;
Bonnette er al., 1998) have suggested a suitable explanation to explain why tHcy falls
during pregnancy. The decrease in tHcy is of too great a magnitude and occurred to early
in pregnancy to be caused by haemodilution. Likewise, the decrease in tHcy occurs too
early in foetal development to be due to the transference of Hcy or its metabolites (SAM,
SAH or Methionine) from the mother to the embryo. By the 10" week of gestation
maternal tHcy had fallen more than 30% relative to non<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>