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SUMMARY:

The susceptibility of tetrahydropterins to oxidation was
investigated in vitro and related to in vivo metabolism. At
physiological pH, tetrahydrobiopterin (BH.) was oxidized,
with considerable loss of the biopterin skeleton, by
molecular oxygen. The hydroxyl radical ( *0OH) was found to
increase this oxidation and degradation, whilst physiological
concentrations of glutathione (GSH) retarded both the
dioxygen and +0OH mediated oxidation. Nitrite, at acid pH,
oxidized BH, to biopterin and tetrahydrofolates to products
devoid of folate structure. Loss of dietary folates, from the
stomach, due to nitrite mediated catabolism is suggested.

The in vivo response of BH. metabolism to oxidizing
conditions was examined in the rat brain and liver. Acute
starvation depressed brain biopterins and transiently BH.

biosynthetic and salvage (dihydropteridine reductase, DHPR)
pathways. Loss of biopterins, in starvation, is suggested to
arise primarily from catabolism, due to oxygen radical
formation and GSH depletion. L-cysteine administration to
starving rats was found to elevate tissue biopterins, whilst
depletion of GSH in feeding rats, by L-buthionine
sulfoximine, decreased biopterins. An in vivo role for GSH
to protect tetrahydropterins from oxidation is suggested.

The in vivo effect of phenelzine dosing was investigated.
Administration lowered brain biopterins, in the presence of
dietary tyrosine. This 1loss is considered to arise from
p-tyramine generation and subsequent DHPR inhibition.
Observed elevations in plasma biopterins were in line with
this mechanism. In conditions other than gross inhibition
of DHPR or BH: biosynthesis, plasma total biopterins were
seen to be poor indicators of tissue BH, metabolism.

Evidence is presented indicating that the pterin formed in
tissue samples by acid iodine oxidation originates from the
tetrahydrofolate pool and 7,8-dihydropterin derived from BH,
oxidation. The observed reduction in this pterin by prior in
vivo nitrous oxide exposure and elevation by starvation and
phenelzine administration is discussed in this light.

The biochemical importance of the changes in tetrahydropterin_
metabolism observed in this thesis are discussed with
extrapolation to the situation in man, where appropriate. An
additional role for BHy as a tissue antioxidant and reductant
is also considered.

Keywords: TETRAHYDROBIOPTERIN GLUTATHIONE STARVATION
OXIDATION PHENELZINE
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CHAPTER ONE.

INTRODUCTION.

1.1 PTERINS.

Derivatives of 2-amino-4-oxo-pteridine are known as pterins
(Pfleiderer, 1864). The simplest being pterin itself, the
Qtructure and numbering of which is shown (i) (Commission on
biochemical nomenclature, 1965). Reduction of the pyrazine
moiety of the pterin ring system produces 7,8-dihydro- (ii)

and 5,6,7,8-tetrahydropterin (iii) (Pfleiderer, 1978).

Substitution of the pterin ring at C(6) leads to the for-
mation of a number of biologically important pterins. Many
substituted pterins have been identified and characterised
(Angier et al., 1946; Patterson et al., 1955; Pfleiderer,
1978). This study will consider those pterins associated
primarily with tetrahydrobiopterin, 6-(1',2"-dihydroxypropyl)
-5,6,7,8-tetrahydropterin, (iv) metabolism. However some
aspects of tetrahydrofolate, 5,6,7,8-tetrahydropteroyl -

glutamic acid, (v) metabolism will be considered.

1.2 ROLE OF TETRAHYDROBIOPTERIN AND TETRAHYDROFOLATE.
Tetrahydrobiopterin (BH.) and tetrahydrofolate (FH.) have

different cofactor roles. BH: is involved in reactions
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(iv) L-Erythro-Tetrahydrobiopterin

(v) Tetrahydrofolic acid
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utilizing molecular oxygen (Kaufman, 1963), whereas FH., is

involved in the transfer of single carbon groups (Rowe,

1983).

The carbon group carried by FH. is bonded to its N5 or NiO
atom or both, giving rise to a number of FH:. derivatives,
e.g. S5-methyltetrahydrofolate and 10-formyltetrahydrofolate.
These FH. derivatives are interconvertible via important
enzymatic reactions, e.g. purine and pyrimidine biosynthesis
(Hoffbrand, 1976). Because of the key role tetrahydrofolates
play in cell division and growth, deficiency leads to a
number of pathological disorders, e.g. megaloblastic anaemia
(Roug, 1983). Within the central nervous system (CNS)
deficiency is associated with psychiatric disorders including
forgetfulness, irritability, sleeplesness and paranoid

behaviour (Botez and Reynolds, 1979).

In dividing cells folate metabolism studies have focused on
DNA production, but in the CNS folates may be related to RNA
metabolism, associated with memory function, and with the
availability of the inhibitory neurotransmitter glycine

(Nichol et al., 1983).

The folate molecular skeleton, in contrast to BH., cannot be
synthesized in mammalian tissues and is obtained in the diet.
The minimum adult daily requirement for folates is 50ug
(Sullivan and Herbert, 1964), increasing to 300ug during

pregnancy (Willoughby, 1967).
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The in vivo hydroxylation of phenylalanine to tyrosine, in
the liver, is an enzymatic process requiring molecular
oxygen, a reduced pyridine nucleotide and at least two
enzymes (Undenfriend and Cooper, 1952). Kaufman (1958)
identified an additional cofactor requirement for this
reaction, which was later identified as a tetrahydropterin
(Kaufman, 1958). BH. was shown to be the natural cofactor
for the phenylalanine hydroxylase (EC. 1.14.16.1) component

of this system (Kaufman, 1963).

BH, is also the cofactor for the enzymatic hydroxylation of
tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) by tyrosine
hydroxylase (EC. 1.14.16.2) (Brenneman and Kaufman, 1964;
Shiman et al., 1971). The hydroxylation of tryptophan to 5-
hydroxytryptophan by tryptophan hydroxylase (EC. 1.14.16.4)
similarly requires BH, as a cofactor (Jequier et al/., 1969;

Friedman et al., 1972).

The hydroxylation of tyrosine to L-DOPA is the rate limiting
step in the biosynthesis of the catecholamine neuro-
transmitters, dopamine and noradrenaline (Levitt et al.,
1965). Likewise hydroxylation of tryptophan is of key
importance in the synthesis of the indolamine neuro-
transmitter, 5-hydroxytryptamine (serotonin) (Costa and Meek,

1974).
Within the CNS, the presence of BH, is therefore a necessary
requirement for synthesis of catecholamine and serotonin

neurotransmitters (Figs. 1.1 and 1.2) (Leeming et al/., 1981).
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1;3 MODE OF ACTION OF TETRAHYDROBIOPTERIN.

Hydroxylation of aromatic amino acids results in oxidation af
BH. to quinonoid dihydrobiopterin (qBH:). BH, is regenerated
from gqBH: enzymatically (salvage pathway) by dihydropteridine
reductase (DHPR) (EC. 1.6.99.7), a reaction requiring
NADH (Kaufman, 1961; Kaufman, 1964; Craine et al., 1972).
Failure to salvage qBH: results in non enzymatic
rearrangement to 7,8-dihydrobiopterin (BH;)- and 7.8-di-
hydropterin which are lost from the cell and move from the
plasma to the urine in which they are excreted (Archer and
Scrimgeour, 1970; Leeming et al., 1976; Matsuura et al.,
1986). Whilst BH; is not a substrate for DHPR, dihydrofolate
reductase (EC. 1.5.1.3) is able to reduce BH: back to BH,
and may therefore have a salvage role in tissues with high

activity of this enzyme (Kaufman, 1967; Nichol et al., 1983)

(Fig. 1.3).

The detailed mechanism by which BH, participates in
hydroxylation of aromatic amino acids has not been fully
elucidated. Molecular oxygen activation may arise from the
covalent addition of dioxygen at position A4a forming a
4a-hydroperoxide, which decomposes giving a 4a-carbinolamine
and the hydroxide cation (OH+) which acts as the
hydroxylating agent (Pfleiderer, 1978). A 4a-carbinolamine
has been 1identified as an intermediate in phenylalanine
hydroxylation. This intermediate dehydrates to give qBH:, a
reaction catalysed by a protein called phenylalanine
hydroxylase stimulating protein (PHS) which acts as a

4a-carbinolamine dehydratase (Lazarus et al., 1981; Lazarus
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et al., 1983) (Fig. 1.3).

The role of iron i2 not included in the above mechanism.
Iron is essential for aromatic amino acid hydroxylase
activity (Fisher et al., 1972). An iron-oxygen intermediate
has been suggested with BH: acting as a 2-electron reducing
agent to form an iron-peroxide complex. The latter acting

as the hydroxylating agent (Pearson, 1974b).

1.4 BIOSYNTHESIS OF TETRAHYDROBIOPTERIN.

Tissue levels of BH. are maintained by endogenous de novo
biosynthesis (Pabst and Rembold, 1966). The initial step in
the synthesis of BH., is the conversion of guanosine
triphosphate (GTP) to D-erythro-dihydroneopterin triphosphate
(NH.P:) by GTP cyclohydrolase (EC 3.5.4.11), a reaction
involving an Amadori rearrangement (Burg and Brown, 1968)

(Fig. 1.4).

It is likely that BH. is synthesized via tetrahydropterin
intermediates and that NH.P: is converted to a tetrahydro-
pterin by an intramolecular rearrangement of electrons to the
N(5) region of the pyrazine ring. This intermediate is
dephosphorylated to give 6-pyruvoyl-tetrahydropterin by a
magnesium dependent enzyme, 6-pyruvoyl tetrahydropterin
synthetase (phosphate eliminating enzyme). Reduction of the
keto groups of the latter by NADPH dependent sepiapterin and
2 keto reductases results in the production of

L-erythro-tetrahydrobiopterin (BH.,) (Milstien and Kaufman,
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1983; Heintel et al., 1984; Switchenko and Brown, 1985;

Milstien and Kaufman 1986) (Fig 1.5).

The synthesis of BH, is regulated by BH, acting as a potent
inhibitor of GTP cyclohydrolase, i.e a negative feedback loop
exists (Kapatos and Kaufman, 1983; Blau and Niederwieser,
1986). High levels of the neurotransmitters, serotonin and
noradrenal ine may also regulate BH, biosynthesis by acting
as competitive inhibitors of sepiapterin reductase (Katoh et

al., 1983).

1.5 CATABOLISM OF TETRAHYDROPTERINS.

Tissue levels of BH., in addition to regulation by
biosynthesis, are maintained by catabolism and excretion by
the kidney (Rembold, 1983). BH. catabolism occurs in rat
liver resulting in the formation of pterin, 7,8-dihydro-
xanthopterin, isoxanthopterin, lumazine and 6- and 7-hydroxy-
lumazine (Rembold et al., 1969). Catabolism is initiated by
oxidation to BH: and 7,8-dihydropterin. The latter is
converted to 7,8-dihydroxanthopterin, by hydration and
subsequent oxidation, and to isoxanthopterin, following
oxidation to pterin, by xanthine oxidase (EC. 1.1.3.22).
Lumazine and 6- and 7-hydroxylumazine are formed by the

additional action of a pterin deaminase (EC. 3.5.4.11)
(Rembold and Gutensohn, 1968; Rembold et al., 1968a; Rembold
and Simmersbach, 1969b; Rembold et al., 1571) (Fig. 1.6).
Niederwieser et al. (1986) failed to detect pterin Heaminase

in man but reports deamination of orally administered BH.
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occurring as a result of bacterial action 1In the gut. In
contrast to rat, the side c¢chain of BH, i1s retained but
modified to give 2'-deoxy seplalumazine as the major

deamination catabolite in faeces (Niederwieser et al., 19886)

The catabolism of reduced folates arises by the non-enzymatic
oxidation of the C9-N10 bond of the molecule, giving rise to
p-amino-benzoyl glutamate derivatives, xanthopterin and a
number of wunidentified pterins (Pheasant et al., 1981;

Pheasant et al., 19883; Al-Haddad et al., 1986).

1.6 TETRAHYDROBIOPTERIN METABOLISM AND DISEASE.

Lack of BH, leads to hyperphenylalaninaemia and neurological
impairment (Leeming et al, 1981). Deficiency arises from
diminished ability to synthesize BH, de novo or failure to
salvage qBH, as a result of DHPR deficiency. Such disorders,
having a frequency of occurrence of one in a million births,
are termed malignant hyperphenylalaninaemias (MHPA) and are
usually diagnosed during the first three months of life
(Danks, 1978; Danks et al., 1978; Dhondt et al., 1981; Hamon

and Blair, 1987).

Decreased BH, synthesis occurs as a result of deficiency of
either 6-pyruvoyl tetrahydropterin synthetase (phosphate
eliminating enzyme) or GTP cyclohydrolase (Niederwieser et
al., 1984; Niederwieser et al., 1985). DHPR deficiency arises

from failure to synthesize the enzyme or from production of a
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mutant form of DHPR which lacks catalytic activity (Firgaira

et al., 1983).

Treatment of MHPA is by dietary restriction of phenylalanine
and administration of neurotransmitter precursors (Danks et

al., 1978).

Changes in BH, metabolism have been noted in many other
diseases (for reviews see Leeming et al., 1981; Blalr, 1985)
including senile dementia of the Alzheimer type (SDAT) .
Significantly decreased levels of total biopterins (oxidized
and reduced) have been reported in plasma and cerebrospinal
fluid (CSF) of patients dying with SDAT (Leeming et al.,
1979; Young et al., 1982; Aziz et al., 1983; Morar et al.,
1983). A diminished ability to synthesize BH, occurs in the
temporal lobe of patients with SDAT, with the biochemical
lesion reported to occur at the level of phosphate
eliminating enzyme (Barford et al., 1984; Anderson et al.,

1986).

The neurotoxic metals, lead and aluminium, inhibit both
salvage and synthesis of BH,, suggesting that prolonged
exposure to elther metal would impair neurotransmitter
syntheasis (Purdy et al., 1981; Cutler, 1086; Cawburn and

Blair, 1987).

1.7 AIM OF THESIS.
Tetrahydrobiopterin and other reduced pterins are readily

oxidized (Pearson, 1974). Since a number of oxidizing agents
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and conditiona may arise biologically, resulting in loss of

tetrahydropterin cofactors, it was the aim of this thesis to

investigate the effects of a number of such factors on BH,

and related pterins in vitro and in vivo.
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Fig 1.1 Biosynthesis of catecholamines.
1. Phenylalanine hydroxylase. 2. Tyrosine hydroxylase.

3. Aromatic amino acid decarboxylase. 4.Dopamine hydroxylase.
5. Phenethanolamine-N-methyl-transferase.
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Fig. 1.2 Biosynthesis of serotonin.

i. Tryptophan hydroxylase.
2. Aromatic amino acid decarboxylase.
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Fig. 1.3 Components of the phenylalanine hydroxylating
system.

R= CHOH CHOH CHs;

1. Phenylalanine hydroxylase.

2. Phenylalanine hydroxylase stimulating protein.
3. Dihydropteridine reductase.

4. Dihydrofolate reductase.
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Fig. 1.4 The enzymatic conversion of guanosine triphosphate
(GTP) to D-erythro-diydroneopterin triphosphate (NH:P;) by
GTP cyclohydrolase.
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NH2P3 Rearrangement

H
L-Erythro -tetrahydrobiopterin

Fig. 1.5 Biosynthesis of L-erythro-tetrahydrobiopterin.
1. Pyruvoyl tetrahydropterin synthetase.

2. 2’ Keto reductase.
3. Sepiapterin reductase.
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Fig. 1.6 Catabolism of BH. in the rat.
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CHAPTER TWO.

MATERIALS AND METHODS.

2.1 CHEMICALS.

5,6,7,8-Tetrahydro-L-biopterin diyhdrochloride, 7,8-dihydro-
L-biopterin, 7,8-dihydro-D-neopterin, L-biopterin, D-neo-
pterin, L-sepiapterin and pterin were obtained from Dr. B.

Schircks, Switzerland.

5-methyl-tetrahydrofolate (DL-5-methy1-5,6,7,8-tetrahydro-
pteroyl-L-glutamic acid) (calcium salt), was obtained from

Eprova Research Laboratories, Switzerland.

Tetrahydrofolate (5,6,7,8-tetrahydropteroyl-L-glutamic acid),
xanthopterin, albumin (bovine, fraction V), L-ascorbic acid,
L-buthionine-(S,R)-sul foximine, catalase (isolated from
bovine liver), 6,7-dimethyl-5,6,7,8-tetrahydropterin (DMPH, ),
ethylenediamine tetraacetic acid (EDTA) (disodium- calcium
salt), glutathione - reduced form, guanosine 5’- triphosphate
(GTP) (type 11-S, sodium salt), heparin (grade 11, isolated
from porcine intestinal mucosa), horseradish peroxidase,
mannitol, monoamine oxidase (isolated from bovine plasma),
nicotinamide adenine dinucleotide - reduced form (NADH)
(grade 111, disodium salt), nicotinamide adenine dinucleotide

phosphate - reduced form (NADPH) (type 111, tetrasodium
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galt), phenelzine (sulphate salt), streptozotocin, Trizma
(tris-(hydroxy-methyl)-aminomethane) base, p-tyramine
hydrochloride and wuriec acid were supplied by the Sigma

Chemical Company, England.

Benzylamine, ferric chloride (Analar), ferrous sulphate

(Analar), HPLC grade methanol and L-tyrosine were purchased

from Fisons, England.

Sodium nitrite (Analar) was supplied by Griffin and George

Ltd., England.

N-nitrosodimethylamine was supplied by the Aldrich chemical

company, England.

L-cysteine was obtained from BDH Ltd., England.

Nitrous oxide (medical grade), oxygen and helium were

supplied by BOC Ltd., England.

All other reagents and buffers were of standard laboratory

grade.

2.2 UV/VISIBLE SPECTROPHOTOMETERS

Spectral data on reduced pterins, protein measurements,

monoamine oxidase and sepiapterin reductase activity were

determined using a Schimadzu uv/visible recording double beam
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gpectrophotometer uv-240 and graphic printer Pr-1 (Schimadzu

Corporation, Japan).

Dihydropteridine reductase activity was determined wusing a
Pye Unicam SP 1700 double beam spectrophotometer and a Pye

Unicam AR 55 linear recorder (Pye Unicam, England).

2.3 CENTRIFUGES.

Centrifugation at 100,000g. was performed usiﬁg a MSE
Superspeed 50 ultracentrifuge (MSE Ltd., England) and a MSE
10x10Oml angle head rotor. Bench centrffugation was done

using a MSE swing bucket bench centrifuge.

2.4 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC).

Separation of pterins was achieved using a 5 micron
Spherisorb octadecyl silane (0ODS) reverse phase column (25cm
x 6 mm) and a short 5 micron precolumn. Injection of 20 ul
samples was by manual injection or by autosampler - WISP 710B
(Waters, Millipore Ltd., USA). The flow rate was maintained
at 1iml min ! by an LDC Constametric dual reciprocating pump
(Model 111) (Laboratory Data Control/Milton Roy Ltd., U.K).
Detection was by an LDC Fluromonitor 88 e or a Kontron
Spectrof luoromonitor SFM 23 (Tegimenti#, Switzerland),
excitation 360nm, emission A450nm. Peaks were recorded by a

Spectra Physics SP 4290 recording integrator (Spectra
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Physica, USA), a J.J. CR652A chart recorder (J.J. Lloyd
Ingtruments Ltd., England), or a W.W. 302 chart recorder
(W.W Scientific Instruments, Switzerland). All separations
were achieved using a 5% (v/v) methanol eluent, degassed by
helium prior to use. Retention times of pterin standards
were determined as the time (minutes) from injection to

formation of peak by recorder (Table 2.1).

Using known amounts of standard, calculated by uv spectros-
copy (Table 2.2), calibration curves were produced by
plotting peak area against concentration. Peak area was
determined either by a computing integrator or by hand (1/2

base x peak height).

2.5 THIN LAYER CHROMATOGRAPHY (TLC).

Chromatography of pterin standards was achieved wusing O.1imm
Polygram cellulose MN300/UV 254 precoated plates (Macherey-
Nagel and Co., West Germany). Samples were spotted, 1.0 cm
from origin, on plates using capillary tubes. Spots were
allowed to dry and the process was repeated 5 to 6 times.
Chromatograms were developed using either 5% (w/v) ammonium
chloride, 5% (v/v) acetic acid or 0.05M phosphate buffer pH
e l; in the ascending direction. Chromatography was
terminated when the solvent front reached 18.0cm. Developed
chromatograms were read under wuv light (366nm). Rf values
(distance moved by pterin / distance moved by solvent) were

calculated for pterin standards in each solvent system (Table
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2.3).

2.6 ANIMALS.

All animals used were male Wistar rats (gsupplied by Bantam
and Kingman Ltd., England.) and maintained on a standard rat
breeding diet (Pilsburys Ltd., England) (Table 2.4). Tap
water was available ad Ilibitum. Rats were housed under light
controlled conditions with a 12:12 hour dark:1light controlled

cycle.

Experimental groups were in supplier’s batches and compared

to age and sex matched controls.

ODral dosing was performed using a sterile hypodermic syringe
fitted with an olive bulbed oropharyngeal needle. Care was

taken to deliver the dose to the stomach.

Intraperitoneal dosing (1.P.) was performed using a sterile
hypodermic syringe fitted with a O0.5mm diameter needle.
Animals were lightly anaesthetised, with ether, prior to

dosing.

All starved rats were allowed water but no food and placed on

grids (to prevent coprophagy) .
Exposure to nitrous oxide/oxygen and helium/oxygen mixtures
was achieved by use of sealed metabowls, with inlet and exit

holes. Regulation of the flow of gases was by means of a
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