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Tetrahydrobiopterin 1is the cofactor for the
hydroxylation of phenylalanine, tyrosine and tryptophan and
is therefore essential for the production of monoamine
neurotransmitters.

Neopterin, a biosynthetic precursor of
tetrahydrobiopterin, and biopterin appear in wurine. In
normal subjects the urinary neopterin to biopterin ratio has
been found to be about 1.00. In patients suffering from
Alzheimer's disease, Down's syndrome and depression the
urinary neopterin to biopterin ratio has been found to be
elevated. In some Alzheimer's and depressed patients the
increased urinary neopterin to Dbiopterin ratio is
proportional to the severity of the disease.

Folates were found not to increase
tetrahydrobiopterin biosynthesis in the rat as previously
thought. Methotrexate was found to reduce liver biopterin
levels and increase urinary biopterin levels in the rat.
Methotrexate also reduced brain pterin levels but had no
influence on liver pterin.

Urinary isoxanthopterin, found in some patients,
was found to be derived from biopterin and neopterin in the
rat. Isoxanthopterin is proposed as an indicator of the
levels of tetrahydrobiopterin turnover.

Key words
Tetrahydrobiopterin, Urinary Neopterin/Biopterin ratio,
Folates Isoxanthopterin
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Chapter 1

Introduction.
1.1l Pterins.
Pterins, derivatives of 2-amino-4-oxo-
pteridine, ¢l (Pfleiderer 1964) , are widely
distributed 1in nature. <(Descimon 1975, Patterson

et al 1955). Conjugated pterins, those with a p-
aminobenzoylglutamate group or groups attached,
are termed folates, the simplest being folic acid
2> (pteroyl-L-glutamic acid». (IUPAC-IUB
Commission on Biochemical nomenclature 19655 .
Pterins without such a group, for example
biopterin. (52, neopterin (4>, prterin <52 and
isoxanthopterin B are termed unconjugated
Pterins and have been isolated from human urine.
(Patterson et al 1955, Fukushima and Shiota 1972,
Blair 1958).

HN 2

P
HaN N

(1) 2-amino-4-oxo—-pteridine
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In the fully oxidised form the pteridine
rings are planar. (Viscontini 1982). Vhen the
pyrazine ring 1is in the tetrahydro form the ring
can exist 1in two pseudo chair conformers. (7).
Pterins exihibit a strong fluorescence when
irradiated with wultra wviolet 1light at 365nm,
(Lowry et al 1949), and this property bhas been
used extensively in the identification of pterins
by paper chromatography, (Blair 1958), column
chromatography <(Fukushima and Shiota 1972) and
more recently by high pressure liquid
chromatography (HPLC) . (Fukushima and Nixon
1980a). Tetrahydro and dihydro pterins are labile
to oxidation in air <(Kaufman 1967, Armarego and

Varing 1983 Heales 1987) making careful treatment

of reduced samples essential for accurate
examination.
D ' BE
;! %{ e
/‘\ ; . ;
H N N x i
0 : H - GRS |
B el
i/ o O
'//}:=¢=LN N By &
BN : #
2 H
H

(7) Tetrahydrobiopterin



1.2 Role of Tetrahydrobiopterin.

Tetrahydrobiopterin  7) CBHa ) is the
cofactor for phenylalanine hydroxylase, <(Kaufman
1958) +trytophan hydroxylase, (Hosoda and Glick
1966, Shiman et al 19715 and tyrosine
hydroxylase. <(Nagatsu et al 1964, Nagatsu et al
1972, It is therefore essential for the
conversion of phenylalanine (8) to tyrosine (92,
tyrosine to L-Dopa (L, 3,4-dihydroxyphenylalanine’
(10) and tryptophan (11> to S5S-hydroxytryptophan
(12). (Livitt et al 1965, Mandell and Knapp 1974),
and hence essential for the production of the
neurotransmitters dopamine <132, noradrenaline
(14), adrenaline (15> and serotonin ¢16). Fig,1l.1.
During these reaction BHa is converted to

quinonoid dihydrobiopterin (qBH:>. See 1.5.2

1.3 Biosynthesis of Tetrahydrobilopterin

Pabst and Rembold (1966> showed that
rats fed on a biopterin free diet still excreted
biopterin, indicating de novo biosynthesis.

Guanosine triphosphate (GTF)> <(17) has
been found to be the best precursor of
tetrahydrobiopterin in bacteria <Dahal and Gots
19652, and mammals <(Fukushima et al 1975, Gal et
al 1978, Blau and Niederweiser 1983). GTP is
converted to dihydroneopterin triphosphate (NH:P-»
(18> by GTP cyclohydroiase via an Amadori
rearrangement (Wolf and Brown 1969), which
involves the loss of the C8 atom from GTP Fig 1.2

NHzP» was originally thought to be
converted to tetrahydrobiopterin (7) via dihydro-
intermediates (Tanaka et al 1981), In this



Fig 1.1 The Role of Tetrahydrobiopterin In
Neurotransmitter Biosynthesis
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Fig 1.1 The Role of Tetrahydrobiopterin In

Neurotransmitter Biosynthesis. cont...d
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Fig 1.2 The Amadori Rearrangement in GTP

Cyclohydrolase.
0
HN ] N
/JQQ /J
HaN N n
0. CH=0Pk
H H
(17) GTP -0
H H
0
I NH:-
HN
| +HCOOH
g
H.=N N NH
0. CH::0Pkx
/ H H 1
0O O
0 H H
NH-»
HN | CO CHOH CHOH CH:OP:
e N)
Ha:N N
H

\\0
N CHOH CHOH CH:zOPk
HN | i
/JQQ (18) Dihydoneopterin
HaN N N
H

triphosphate
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pathway NHzP: was postulated to be reduced to
sepiapterin (19) by a Mg** and NADPH dependant
enzyme, followed by reduction to dihydrobiopterin
(BHz) (20> by sepiapterin reductase. BH=z being
then converted to BHa by dihydrofolate reductase
(DHFR) (Spector et al 1978, Kaufman 1964). Fig.
1.8,

More recently, however, it 'has Dbeen
found that methotrexate, <(MTX> (21> a powerful
inhibitor of DHFR, has no effect on de novo
biopterin Dbiosynthesis (Nichol et al 1983a,
Culvenor et al 1984), suggesting that DHFR was
not required in the biosynthetic pathway. Curtius
and coworkers (1985), using radioisotopes, also
concluded that BHa de novo blosynthesis does not
involve dihydro intermediates.

Milstien and Kaufman (1983) proposed a
pathway involving tetrahydro intermediates. NHzP=
is converted to 6-pyruvoyl tetrahydropterin (22>
by 6-pyruvoyl tetrahydropterin synthetase (PTP
synthetase) , (Brown et al 1986>, through the
transfer of electrons from the l1-hydroxyl of the
side <chain to the N5 of +the pyrazine ring
(Switchenko and Brown 1985). PTP synthetase has
also been termed phosphate eliminating enzyme
(PEE> (Heintel et al 1985).

As neopterin, presumably derived from
NH:zP:, is found in human urine, PTP synthetase is
thought to be rate limiting in the production of
BH. 1in humans (Smith et al 1986), Rat urine
contains no neopterin (Fukushima and Nixon 1980a),
so GTP cyclohydrolase 1is thought to be rate
limiting in rats (Sawada et al 1986).

The enzyme sepiliapterin reducfaée is
still thought to have a role in this pathway
(Milstien and Kaufman 1985). Sepiapterin reductase
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can reduce both side chain ketones of 6-pyruvoyl
tetrahydropterin (22) and was thought to be the
only enzyme involved. (Milstien and Kaufman 1985).
However a second NADPH dependent enzyme has been
isolated that specifically reduces the 2'-oxo
group of 6—-pyruvoyl tetrahydropterin (22
(Milstien and Kaufman 1986, Smith et al 1986).
This enzyme has been named 2'-keto reductase.
Sepiapterin reductase catalyses the reduction of
the 1'-oxo group at a faster rate than the 2'-oxo
group of ©6-pyruvayl tetrahydropterin, but the
order in which these two reductions occur is still

uncertain Fig 1.4

NH—- HaC - — = CO-NH- CH -COOH

CHA CHz

-
HN |
L \/ j/ CH:=
|
.y ) N % COOH

(21) Methotrexate
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Fig 1.3 Biosynthesis of Tetrahydrobiopterin via a

Dihydro-Pathway
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Fig 1.4 Biosynthesis of Tetrahydrobiopterin via a
Tetrahydro—Pathway
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1.4 Control of BHa Bilosynthesis.
The de novo bilosynthesis of BHa 1is

subject to wvarious controls. Tetrahydrobiopterin
exerts a feedback inhibition on GTP
cyclohydrolase (Kapatos and Kaufman 1983).
Bellahsene and coworkers (1984) showed that many
reduced pterins, including folates, could inhibit
GTP cyclohydrolase. Abou-Donia et al (1986) found
that GTP cyclohydrolase activity could be
increased by a <c¢cyclic adenosine triphosphate
(cAMP) dependent and a cAMP independent mechanism
in ©bovine adrenal chromaffin cells. However
increased level of cyclic adenosine monophosphate
(cAMP) derivatives decrease biopterin levels in
rat pineal glands. (Kapatos et al 1981).

Serotonin (16>, N-acetyl-serotonin (23>,
melatonin (24> and noradrenaline (14>, all of
which require BH«4 for their biosynthesis, Fig 1.1,
inhibit seplapterin reductase (Katoh et al 1982)
Although this could be a control on  BHa
biosynthesis it 1s unusual for an enzyme in the
_middle of a biosynthetic pathway to be used in
this way.

Viveros and caoworkers (1981> and Abou-
Donia et al (1983) found that increased levels of
adrenocorticotropic hormone <(ACTH> increased GTP
cyclohydrolase activity in rat adrenal cortex and
medulla.

Leeming and coworkers (1982) shaowed that
rat brain biopterin biosynthesis could be
increased in vitro with the addition of ascorbate
together with vitamin By, and G-
methyltetrahydrofolate (25>, More recently Hamon
and coworkers (1986) showed that the additinn of
S5-methyltetrahydrofolate increased biopterin

biosynthesis in a brain preparation of patients
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who had died with senile dementia of the Alzheimer
type, and showed no biopterin biosynthesis
previously. A brain sample from a child who had
suffered from methylenetetrahydrofolate reductase
deficiency and consequently low levels of ©5-
methyltetrahydrofolate showed no biopterin
biogsynthesis. Addition of S-methyltetrahydrofolate
ta a preparation ot this brain significantly
increased bilopterin biosynthesis (Hamon et al
1986». Oral doses 01 9S—-methyltetrahydrofolate in

life caused an increase in cerebro spinal fluid

(CSE)> biopterin levels in this patient (Clayton et
al 1986).

HIU / \ CO-NH- CH -COOH

CHz: CHz
|
CH::
I
COOH
(25) G—Methyltetrahydrmfolaté

1.5.1 Mechanism of Tetrahydrobiopterin Action.

The hydroxylation of phenylalanine
requires molecular oxygen, pheﬁyialanine
hydroxylase and tetrahydrobiopterin (Undenfriend
and Cooper 1952, Kaufman 1963).



Pearson (1974) suggested a mechanism
involving iron. He showed the reaction is a free
chain radical process, and tetrahydrobiopterin is
a 2 electron reducing agent for a metal-ion—-oxygen
complex in the enzyme.

More recently 1t has been shown, by U/V
spectroscopy and nuclear magnetic resonance, that
there 1s an addition of dioxygen to the 4a
position on the pterin ring followed by
hydroxylation of the substrate to form the hydroxy
adduct (Lazarus et al 1981, Lazarus et al 1982a),
which dehydrates to form quinoniod
dihydrobiopterin (gBH:z) (26).Fig.1.5

The quinoniod dihydrobiopterin is
thought to be in the para conformation rather than

the ortho (Lazarus 1982b) (27).

@] )
N R N R
HN - z N =~
//J\\ q
o NS AN
HxN N N S N
H
(26) Ortho quinonoid (27> Para quinonoid
dihydrobiopterin dihydrobiopterin

R= CHOH CHOH CH:
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Fig 1.5 Mechanism of Tetrahydrobiopterin Action
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1.5.2 Salvage of Oxidised Biopterins.

Kaufman (1964) first suggested that a
quinoniod dihydrobiopterin (gBH:) (26> was the
first oxidation product of tetrahydrobiopterin,
and that an enzyme in the liver was capable of
reducing it back to tetrahydrobiopterin. This NADH
dependent enzyme has been studied and named
dihydropteridine reductase (DHPR)>. (Craine et al
1872 .

It has a molecular weight of 41,000 dal.
and consists of two subunits of 21,000 dal each.
It has a K. of 1uM in sheep liver, and 1s thought
to be inhibited by methotrexate. <(Craine et al
1972).

If qBH» 1s not reduced 1t rearranges to
7,8-dihydrobiopterin <(Archer and Scrimgeour 1970).
which 1is lost from the cell and excreted in the
urine. Neopterin derived from NH:Ps is also found
in human urine (Patterson et al 1955).

Kaufman (1962 and Nichol and coworkers
(1983a> suggested that DHFR and sepiapterin
reductase may act as salvage enzymes producing
'tetrahydrobimpterin from dihydrobiopterin and
seplapterin respectively on a pathway separate

from the de novo biosynthesls. Fig. 1.3

1.6 Origins of Urinary Pterins
Fukushima and Shiota (1972) noted the

occurrence of biopterin (3>, neopterin (4>, pterin
(5) and isoxanthopterin (6> in human urine. The
biopterin is thought to be derived from loss from
the BHa pool which 1s maintained by de novo
biosynthesis (Pabst and Rembold 1966>, neopterin
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is presumably derived from NHxP: (Smith et al
1986) or produced from activated macrophages
(Huber et al 1934). Pterin 1s assumed to be a
product of the <catabolism of biopterin and
neopterin (Rembold 1982, Descimon 1975 Davis et al
1988)>, or produced from the oxidative cleavage of
the C9-N10 bond of folates <(Blair 1958). Pterin
may then be converted to isoxanthopterin by the

action of xanthine oxidase. (Lowry et al 1949).

1.7.1 Hyperphenylalaninaemia

Reduced levels of tetrahydrobiopterin
will impair neurotransmitter bilosynthesis, and may
be responsible for neurological disease (Leeming
et al 1981). BSuch a deficiency, termed malignant
hyperphenylalaninaemia, may,be caused by failures
in the de novo biosynthetic pathway, or 1in the
salvage of qBH:: by DHPR.

Defects 1in BHa bilosynthesis can Dbe
caused by GTP cyclohydrolase (Niederwieser et al
19864> and 1in phosphate eliminating enzyme PEE
(Niederwieser et al 1985, Shitaku et al 1988)
deficiencies. In PEE deficiency high‘ urinary
neopterin to biopterin ratios have been reported,
the extra neopterin ©being derived from the
increased levels of NH=zPw=

Hyperphenylalaninaemia may also result
from DHPR deficiency. (Rey et al 1977). This leads

to increased urinary dihydrobiopterin derived from



qBH:z (Archer et al 1970, Milstien et al 1980,
Dhondt et al 198la).

1.7.2 Senile Dementia of the Alzheimer Type
Serum and brain biopterin levels have
been found to be reduced in senile dementia of the
Alzheimer type (SDAT> (Leeming et ai 1979,
Leeming and Blair 1980, Aziz et al 1983, Morar et
@&l 1988 Youpg et al 28820, Lymphocyte  DHFR
activity was also found to be lowered in SDAT
(Young et al 1982). However Barford and coworkers
(1984) and Jeeps and coworkers (1986) found normsl
DHPR activity in dried blood spots and postmortem
samples of brains of SDAT patients. This indicates
a defect 1in tetrahydrobiopterin biosynthesis.
(Barford et al 1984) Anderson and coworkers
(1986) measured GTP cyclohydrolase, sepliapterin
reductase, DHPR and tetrahydrobiopterin
biosynthesis in various brain regions of patients
who had died with SDAT and found reduced blopterin
biosynthesis in the temporal cortex and the locus
coeruleus. They suggested that there s &
biosynthetic lesion at the PEE level in SDAT. This
lesion was thought not to be due to neuronal loss
as GTP cyclohydrolase, sepiapterin reductase and
DHPR activities were normal. A lesion in PEE would
be responsible Tor an increase in urinary

neopterin to bilopterin ratios <(Jones et al 1987).

1.7.3 Depression.

Duch and coworkers (1984) showed an

increase in neopterin and biopterin excretion in
unipolar depression, and urinary neopterin was

increased in bipolar depression. Jones and Blair
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(1987) found a significant lowering in biopterin
excretion and an increase in urinary neopterin.
The difference in these results was explained by
the difference 1in the hormonal status of the
patients studied. Later Garbutt and coworkers
(1985) showed an increase in urinary biopterin and
no difference 1in wurinary neopterin in depressed
patients. Brain biopterin biosynthesis has been
found to be reduced 1in patients with severe

depression (Blailr et al 1984).

1.7.4 Down's Syndrome.

Brain bilopterin biosynthesis has been
found to be reduced in Down's syndrome (Anderson
et al 1986), along with DHPR activity, This would
result in an increase in serum dihydrobiopterin
levels, which have been found to be significantly
higher in Down's syndrome patients than in control
patients (Aziz et al 1982).

1.8 Negpterin in Disease,

Elevated urinary neopterin levels have
been reported in a number of infections and in
malignant tumors (Wachter et al 1979> the
neopterin being produced by human macrophages when
they are activated with inteferon gamma <(Huber et
al 1984). As in BHa bilosynthesis this neopterin
is derived from GTP by the enzyme GTP
cyclohydrolase (Troppmair et al 1985)>. Elevation
of neopterin in urine in these conditions is not
accompanied by similar elevations 1in urinary
biopterin (Abita et al 1985).
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Patients suffering from viral and
malignant disorders have to be excluded from those
studies of BHa metabolism where comparisons of
neopterin and biopterin levels in serum and urine
are made, in order to distinguish Dbetween
elevations in neopterin caused by an infection or

a defect in the biosynthesis of BHa.
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1.8 Aims of Thesis

1 To study further urinary neopterin and
biopterin in Alzheimer's disease, depression and
Down's syndrome and compare them with previous
reports. Correlations between the urinary
neopterin and biopterin levels and measurements of
the severity of +the progression of Alzheimer's

disease and depression were also studied.

2 To investigate the effect of folates
and a folate antagonist on biopterin biosynthesis
in vivo in the rat by examining the levels of
total biopterin and pterin after oral doses of a

variety of folates.

3 To determine the origins of
isoxanthopterin in rat urine by examination of the
changes in isoxanthopterin excretion after oral
doses of various pterins, And to wuse this
information to propose a model for the origins of
various levels of urinary isoxanthopterin in human

psychiatric patients.
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Chapter Two

Materials and Methods

2.1 Chemicals.

Biopterin, neopterin, isoxanthopterin,
pterin, methotrexate, folic acid, ethylenediamine
tetraacetic acid (EDTA)>, guanosine-5"-triphosphate
(GTP> type I1I-S , sodium salt, heparin grade II
icsolated from porcine mucosa, nicotinamide adenine
dinucleotide phosphate (NADPH) reduced form type
LT tetrasodium salt, trizma (tris- (hydroxy
methyl)-aminomethane) base, free L-ascorbic acid,
and a creatinine diagnostic kit N= 555 were
obtained from Sigma Chemicals, Poole, England.

Biopterin, neopterin, pterin-6-carboxylic
acid (Pt-6-COOH) and pterin were also supplied by
Dr Schircks laboratories, Jona, CH-8645,
Switzerland.

5-methyltetrahydrofolate was purchased
from Eprova Research Switzerland and folinic acid
was a gift from Lederle laboratories LTD. HPLC
grade methanol and hydrogen peroxide (60% w/ v
were purchased from BDH Chemicals LTD, Poole,
England. Ferrous sulphate was purchased from
Fisons LTD, England

All other reagents were AnalaR or

equivalent grade reagents.



2.2 HPLC,

FPterins were separated and measured using
a 5 micron Spherisorb octadecyl silane <(ODS)
reverse phase column 25cm x 3mm, purchased from
Phase Sep LTD. The solvent used was 5% HPLC grade
methanol in glass distilled water which had been
degassed with helium. A flow rate of 1lml/min was
maintained using a Laboratory Data Control (<LDC>
Constametric pump model III supplied by Milton
Roy, Stone, England. Sample injection was by a
Waters Intelligent Sample Processor (WISP)> Vaters
Associates Inc U.S.A. and detection was by a LDC
Fluorometer III from Milton Roy, with excitation
at 360nm and emission at 450nm. The chart
recorders used were a model CR652 recorder from
J.J.Lloyd Instruments, Southampton, England and a
Model 302 recorder from W.V. Instruments, Basel,
Switzerland.

Quantitative measurements were made from
the comparison of peak areas from standards whose
concentration had been determined by usv

spectrophotometry.

2.3 U/V Spectophotometry.

The concentrations of standard pterins
were measured using a Shimadzu U/V visible double
beam spectrophotometer uv 240 and a graphic
printer Pr=1, supplied by Shimadzu, Japan.
WVavelenghts and extinction coefficients are shown
in table 2.1



Table 2.1. Molar Extinction Coefficients (€rmw?
Of the Pterins Studied.

Pterin A{nm) s M=t ot

Biopterin 362 8.3 3 1OW
Neopterin 362 8,3 x 10=
Pterin 358 6.8 x 10=
Isoxanthopterin 340 xillphds) ST
Pt-6—-COOH 365 9.2 x 10=

2.4 Collection of Human Urine Samples.

Patients suffering from Alzheimers

disease (SDAT) were referred to the study by Dr

Wichrij, Barnsley Hall Hospital, Bromsgrove.
Samples from Down's syndrome patients were
obtained by Dr Roy, Ridge Hill Hospital,
Stourbridge, Dr Joseph, Monyhill Hospital,

Birmingham, Dr Mahendeswar, S% Margaret's Hospital,
-Birmingham, in collaboration with Prof. Corbett,
Lea Castle Hospital, Kidderminster and from Prof.
Lejeune, Hopital Des Enfants DMalades, Paris.
Blood, plasma and urine samples of patients with
clinical depression under various treatments were
supplied by Dr Anderson, Mossley Hill Hospital,
Liverpool.

Care was +taken to ensure that the
patients were free from viral infections at the
time of collection. Vhere possible patient's
medication and relevant medical history were also

noted.
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For comparison, urine was collected from
healthy volunteers, who to their knowledge, were
not suffering from any infection or any other
disease state which may have activated their
immune system. More stringent criteria were
imposed by Dr Traill of the Universitat Innsbruck,
Austria. Several biochemical parameters associated
with the ageing process were measured in elderly
Austrian subjects. These subjects could then be
grouped according to their health. The
exceptionally healthy were +termed the Senieur
group. The patients, who for a variety of reasons
were not so healthy, were termed non Senieur. Two
patients were classified as nearly Senieur.

Samples from the control subjects, the
Down's patients and the depressed patients were
collected 1in the morning. Samples from the
Alzheimer patients were collected in the
afternoon. All the samples were collected as a 1%
solution of free ascorbic acid, and were stored at

—70* frozen until use.

2.9 Analysis of Human Urine.

After being completely defrosted it was
oxidised and analysed for neopterin, biopterin
isoxanthopterin and pterin according to the method
of Fukushima and Nixon (1980a), 1ml of urine was
acidified with 0.25ml of concentrated HC1 and
oxidised in the dark with between 1 and 3ml of 3%
iodine 6% potassium iodide solution, the iodine
being added until the deep brown-red

colour persisted in the sample. The volume of
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iodine added was noted. After one hour a small
amount of free ascorbic acid was added to remove
the excess iodine, and 100pl of the sample was
diluted 1in 2.9ml of glass distilled water. 20l
were injected onto the HPLC column.

Urinary creatinine levels were measured
spectrophotometrically using the method developed
by Heinegard and Tiderstrom (1973)> with Jaffés
reagent prepared in Sigma Chemicals diagnostic kit
N= 655, 0.3ml of a 1 in 10 dilution of the urine
sample was added to 3ml of a prepared alkalil
picrate solution (0.6% picric acid Cat N°® 555-1,
0.1N NaOH 5/1 v/v>. After being allowed to stand
for 10-12 minutes the absorbance at 500nm was
recorded against a water/alkali picrate blank.

Creatinine produces a colour change with
picric acid only at alkali PH, where as
interfering substances, such as glucose and
proteins produce a colour change with picric acid
at both alkali and acid pH. To account for these
interfering substances 0.1ml of acid reagent (Cat
N= 555-2 a mixture of sulphuric and acetic acid>
was added to the cuvette and the absorbance at
500 nm was recorded again. The difference between
the alkali and acid readings 1s proportional to
the creatinine concentration. The urinary
creatinine concentration was then calculated from
the absorbance of known standards in the range of

0-0.1mg creatinine /ml.
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