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Introduction

Our laboratory has been interested in phenylketonuria (PKU) for

several years. especially in light of recent demonstrations by

our own and other laboratories that certain atypical forms of

PKU are caused by defects in tetrahydrobiopterin (BH
4

) metabo­

lism (1.2.3.4.5.6.7,8). Approximately 1-3% of PKU cases are

caused by a lack of BH
4

due to an inborn error of metabolism.

It is weli known that BH
4

plays an important role in regulating

tyrosine and tryptophan hydroxylase in the synthesis of the

biogenic amine neurotransmitters, dopaffiine, norepinephrine.

epinephrine. and serotonin (9.10). Therefore. many atypical PKU

patients suffer from a lack of proper biogenic amine synthesis

in the central nervous system. These patients develop a progres­

sive neurological illness that is unresponsive to a low p h e n y l ~

alanine diet. The majority of atypical PKU patients die at an

early age.

We have investigated several patients that are unable to synthe­

size dihydrobiopterin (BH
2

) as well as patients that are defici­

ent in quinonoid dihydropteridine reductase (DHPR) activity (11, 12.

Recently. we have discovered one patient with a diminished GTP­

cyclohyc=olase activity (5). Several of t h ~ s e atypical PKU pa­

tients a=e responsive to BH
4

administration alone (12). and
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others are responsive to BH
4

with supplemental neurotransmitter

precursor therapy. Of course. a better knowledge of BH
4

biosyn­

thesis in man would aid efforts to understand and treat these

diseases. Our recent observation that BH
4

administration may be

beneficial in certain cases of Parkinson's disease and endoge­

nous depression (13) emphasizes the need for a further under­

standing of BE
4

biosynthesis and metabolism. Although our re­

sults (13,14) as well as those of others (15,16) on BH
4

admin­

istration in Parkinson's disease are only preliminary and re­

quire further investigation, they stress the importance of

basic pterin research. It is with these ideas in mind that we

have continued to explore BH
4

biosynthesis in certain mammals,

including man.

Historical Perspectives on BH
4

Biosynthesis

Invertebrate systems

A great deal of the early investigations on BH
4

biosynthesis

was accomplished on non-mammalian systems. In E.coli (17,18)

and other invertebrates (19,20,21,22,23), an enzyme system was

isolated that was not Mg++-dependent and converted guanosine

triphosphate (GTP) directly to D-erythro-dihydroneopterin tri­

phosphate (NH
2

TP) this enzyme was named GTP-cyclohydrolase I.

These observations led to investigations by Krivi and Brown on

the transformation of NH
2

TP in BH
4

biosynthesis (see figure 1).

According to their studies in Drosophila melanogaster (24),

sepiapterin synthetase, the enzyme system responsible for the

synthesis of sepiapterin from NH
2
TP, consisted of 2 components

referred to as enzyme A (M.W.=82,OOO) and enzyme B (M.Wr36,OOO).

NADPH and a divalent cation (M9++ was the most effective) were

required for activity that was shown to be optimal at pH 7.4.

and 30
0 e. The KM for NH

2
TP was 10 ~ M and a number of unconju­

gated pterins, including biopterin and sepiapterin, were in-



29

hibitors of the reaction. Dihydroneopterin (NH
2

, would not

serve as substrate in place of ~ H 2 T P . Evidence was presented in

support of a proposed reaction mechanism for the enzymatic con­

version of NH
2

TP to sepiapterin in which enzyme A catalyzes the

production of a labile intermediate by nonhydrolic elimination

of the phosphates of NH
2

TP. According to this proposal, enzyme

B catalyzed the conversion of this intermediate to sepiapterin

in the presence of NADPH. These biosynthetic reactions are

shown in figure 1. It should be noted that a similar reaction

scheme was proposed by Viscontini and coworkers as early as .

1973 (38,39).
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Fie. 1. Reaction scheme of Krivi and Brown.
Enzymatic reaction sequence for the conversion of
NH

2
TP to sepiapterin proposed by Krivi and Brown.

Compounds II-IV: Proposed intermediates.

dtsuka and coworkers (25) investigated BH
4

biosynthesis in

Ascaris lumbricoide suum. According to their findings (see

figure 2), GTP was converted to NH
2

TP by GTP-cyclohydrolase I.

~ H 2 T P was then converted to sepiapterin by the enzyme, sepia­

pterin synthetase. Their proposed synthetic pathway is shown

in figure 2.



30

..
~

HCOOH

Ii

H~-feH,<w,
H~H

2 H
D-erythro-7,8-dihydroneopterin

t r i P h O S P h a t e ~

GTPVI V IV III H20

-H H ~ H HP-O [3P] ~ H H
I I 11 I J 11 ~ I I

R-C-C-CH- R-C-C-CH---....L-R-c-C==CH ~ R - c = c - c - O - P
I I J I J I 2 1 I J

~~ ~ H HH
L-erythro-7,8- L-erythro-

dihydrobiopterin sepiapterin

Fig. 2. The enzymatic conversions of GTP to BH
2

proposed by Otsuka and coworkers.
Compounds III and IV: Proposed intermediates.

Mammalian and avian systems

The details of the biosynthetic pathway of BH
4

in mammals are

still under investigation. Gal and coworkers (26,27,28) inves­

tigated the BH
4

biosynthetic enzymes using rat brain extracts

(see figure 3). They proposed that the initial conversion of

GTP was catalyzed by one of two similar enzymes, GTP-cyclohydro­

lase A-I or Mg++-dependent A-II, and that this reaction was

rate-limiting in BH
4

biosynthesis. Both of these enzymes hydro­

lyzed GTP to 2-amino-6-(5-triphosphoribosyl)-amino-5-(or -6)­

furmamido-4-oxopyrimidine (FPydP
3
). This compound was cy­

clized by D-erythro-7,8-dihydroneopterin triphosphate synthe­

tase into quinonoid D-erythro-dihydroneopterin triphosphate

(q-NH
2
TP). q-NH

2
TP was subsequently t r a n s f c ~ m e d into quinonoid­

L-erythro-dihydrobiopterin (q-BH
2

) by the action of L-erythro­

dihydrobiopterin synthetase. According to,Gal, this reaction



31

was catalyzed by a si~gle enzyme that did not r e q u i ~ e pyridine
++

nucleotides or Mg :~r catalytic activity. The biosyr.thesis of

BH 4 as proposed by Gal is shown in figure 3. The details dis­

played in figure 3 are contrary to results in mammalian systems

that were obtained by other laboratories.

Dihydroneoplerin

Triphosphate

7'
H ~

GTP· Cyclohydrolase

H " ~ ~

. ~ } i n
GTP

HO

HNJl.~NHCHO
H

2
NJ.. NJ NH

'~OCHOW
~ FPydP3

dlhydroneopterin tH~
{r) ~~-c~. ?p;~ Iriphosphal s::he:x:

tase

) H r ~ t 6 0 e M
~ I I I I

HH OH dlhydrob.opterin HN"'-N N H H H

H synthetase H

quinonoid l-erythro- Quinonoid O·erythro-

Dihydrobiopterin

Fig. 3. Postulated biosynthesis of q-dihydro­
biopterin in rat brain proposed by Gal and coworkers.

Fukushima and c o w o r k e ~ s (29) have studied a NH
2

TP synthetase

(also called GTP-cyclohydrolase I) from chicken liver. This

enzyme catalyzes the direct conversion of GTP to D-erythro­

NH
2
TP. In the process. the carbon atom from p o s i t i o ~ 8 of GTP

is released as formic acid. In other studies on rat l i v e ~ GTP­

cyclohydrolase I. D h o ~ d t and coworkers (30) were able to frac­

tionate 3 different forms of the enzyme. One form was heat

stable and catalyzed the synthesis of NH
2

TP in the p ~ e s e n c e of

EDTA.

In human liver. our group has recently shown that in the pres­

ence of EDTA only one protein fraction synthesizes ~ ~ 2 T P from
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GTF (31). The p c ~ t i a l purification was done by ammonium sulfate

p r e c i p i t a t i o ~ ( ~ ~ - S O % ) and column c h r o ~ a t o g r a p h y on DEAE

Sephacel. This e ~ z y m e fraction is heat stable and shows no

substrate inhibition.

Investigations in several laboratories on the enzymatic trans­

f o r ~ a t i o n of ~ ~ 2 : ? have provided generally consistent results.

Tanaka and c o w o r ~ e r s (32) obtained three protein fractions from

chicken kidney, =eferred to as Al, A2, and B, that catalyze the

conversion of NH
2

TP to BH
2

in the presence of M9++ and NADPH.

Fraction A2, which was heat-resistant, catalyzed the conversion
++

of ~ H 2 T P in the presence of Mg to an unknown intermediate

referred to as compound X. Fraction Al catalyzed the subsequent

conversion of c o ~ p o u n d X to sepiapterin in the presence of

N A D P ~ . Fraction B contained sepiapterin reductase (33), which

catalyzed the conversion of sepiapterin to BH
2

in the presence

of N . ~ P H . Fraction Al was demonstrated to be heat labile. These

reactions are shown in figure 4.
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Fie. 4. Initial proposal by Tanaka and coworkers
for the biosynthetic pathway of BH

2
.



The pathways of Tanaka and coworkers in chicken kidney (3:)

and of Krivi and Brown (24) in Drosophila melanogaster are ~ e r y

similar. Both systems catalyze the first reaction from GT? to

NH
2

TP with only one enzyme fraction. The enzymes c o n v e r t i r - ~

NH
2

TP into sepiapterin have similar pH optima, KM values a ~ ~

molecular weights. Both groups of investigators postulate c

labile intermediate product and the enzymes in both s y s t e ~ 5

. ++ . 11requlre Mg lons as we as NADPH. But Krivi and Brown h a ~ · e

not followed the assumption of an oxidation in the C-l' pcsi­

tion followed by oxidation in the C-2' position. They s u g ~ e s t e d

that the enzyme fraction A catalyzed the splitting of the

phosphate groups via an elimination reaction that led to a

labile intermediate referred to as compound Ill. This c o m p o ~ n d

is thought to be 6-( l'-hydroxy, 2'-oxopropyl)-7,8-dihydro­

pterin. Enzyme B is thought to reduce this intermediate to

L-threo-BH
2

in the presence of NADPH, followed by an oxidation

to sepiapterin.

Kapatos and coworkers described a cell-free system prepared

from rat brain striatum that was capable of synthetizing EH
4

from GTP (34). They have provided evidence that sepiapterin is

an intermediate in BH
4

synthesis.

Table 1 provides a summary of selected studies on BH
4

biosyn­

thesis in a wide variety of systems.

Recent Observations on BH
4

Biosynthesis in Mammalian S y s t e ~ s

Experiments in this laboratory have dealt with BH
4

synthesis

in liver and kidney extracts from man and rat (36,37). Follow­

ing a procedure similar to that of Tanaka and coworkers, incu­

bation of [U_
14

CJNH
2

TP with partially purified fractions 0:
liver and kidney homogenates from man and rat yielded l4C_

labeled sepiapterin, BH
2

, and compound X (indirectly m e a s ~ r € d ) ,



Table 1 ~

Comparison of different pathways of biopterin biosynthesis in mammalian and non-mammalian systems

System

E.coli (18)

Substrate

GTP

Enzyme

GTP-cyclohydrolase

Products

NH
2

TP and

formic acid

Properties of enzyme and
remarks

optimal pH 8-9; KM for

G T P ~ 0 . 0 2 ~ M . M . W . ~ 2 1 0 , 0 0 0 ;

no cofactor req.

Comamonas sp. GTP

( 19)

Lactobaci llus GTP

plantarum (21)

Serratia GTP

indica (20)

GTP-cyclohydrolase I

NH
2

TP synthetase

GTP-cyclohydrolase

0-1 and 0-11

NH2TP and

formic acid

NH
2

TP and

formic acid

NH
2

TP

++
Mg req.; KM for G T P ~ 2 0 ~ M ;

M . W . ~ 6 5 0 , 0 0 0

M.W.=200,000; stabilized by

phosphate ions

0-1: M.W.=200,000; KM for

GTP=32 ~M at low GTP

cone., 0.61 ~M at high

GTP cone.

0-11: M.W.=200,000; KM for

GTP=0.44 ~M at low

GTP cone., 5.5 ~ M at

high GTP cone.; inhi­

bited by bi- and tri­

valent cations; K+,



Table 1 cont (1):

Na+ and Li+ are stimu-

1ati n9

Ascaris lumbri- NH
2

TP sepiapterin L-sepiapterin

coides suum (25) synthetase

Drosophila (23) GTP GTP-cyclohydrolase I NH
2

TP and optimal pH 8.7; KM for GTP
meZunogaster = NH

2
TP synthetase formic acid 22 ~M; M.W.=345,OOO; no

cofactors req.

NH
2

TP enzyme A compound III
++

req. Mg ; M.W.=82,OOO;

(see fig. 1) proposed structure is 6-

(l'-hydroxy, 2'-oxopropyl)-

7,8-dihydropterin

compound III enzyme B sepiapterin req. NADPH; M.W.=36,OOO

(see fig. 1)

Chicken

- liver (29) GTP GTP-cyclohydrolase I NH
2

TP and optimal pH 8.9; KM for GTP

= NH 2TP synthetase fonnic acid 14 ~M; M.W.=125,OOO; no

cofactors req.

(.oJ
Ul





Table 1 cont (3):

NH
2

TP di hydrobi opteri n

synthetase

di hydrobi opteri n optimal pH 8.0; KM for NH
2

TP

17 ~M; M.W.=124,000; no

reqs for cofactors

1II/mll 11

. Ilvl~r (JI) GlP GTP-cyclohydro1ilsQ t NIl 2TI' and

formic acid

- liver and NH 2TP enzyme fraction A2 compound X
++

req. Mg

kidney (37)

compound X cnzymc frilctioll 1\1 L-scpiilptcrlll req. NAOI'II

l-sepiapterin sepiapterin reductase l-dihydrobiopterin req. NADPH

(,.)

--J



depending on the p a ~ ~ : = ~ l a r assay = o ~ ~ i t i o n s used. These find­

ings are in support := ~~e hYFot~€Sis that in rats as well as

humans, BH
4
biosyntr2s~s proceeds -:ia sepiapterin.

Preparation of e n z y ; . ~ s and s u b s t r a ~ e s involved in sepiapterin

and BH
2

synthesis in ~ a ~ and rat

Our procedure for st==ying sepiapterin synthesis is summarized

in the following des:ri?tion: [C_
14

CJNH
2

TP was used as sub­

strate for the e n z Y D ~ assay. [U_
14

CJKH
2

TP was synthesized from

[U_
14

C]GTP via E . c o l ~ G ~ P - c y c l o h y d r o l a s e I (36) and used with­

out further p u r i f i c a ~ i o ~ . Between 5 and 10 9 of liver or kidney

tissue from human as ~ e l l as fron rat were used as a source of

enzymes to study s e p ~ a p ~ e r i n synthesis. The tissue was homoge­

nized, centrifuged at 2/'000 x g and the supernatant was sub­

jected to ammonium sLLfate precipitation (40-65%). The precipi­

tate was redissolved, d ~ a l y z e d , ane the solution was applied on

an Ultrogel AcA 34 cclu=n. As described previously, Tanaka and

coworkers demonstrated ~ h a t conponents Al and A2 of fraction A

from chicken kidney ~ e not resolved by the gel filtration

step, however. the A ~ c o ~ p o n e n t of fraction A was heat stable.

Since the Al c o m p o n e r . ~ was heat inactivated and was necessary

for sepiapterin f o r m a ~ i o n . this made it possible to study the

presence of the inter=eciate. compound X. Thus, when studying

the synthesis of c o m p J u ~ d X. we heated fraction A from the

Ultrogel column to r ~ o , e the Al c o ~ p o n e n t . To investigate the

formation of s e p i a p t e : i ~ . fraction A was not heated, so that

component Al and A2 .~re both active. Although Tanaka and co­

workers reported a co~plete separation of fraction A and B

(sepiapterin reductas:) on Ultrogel. we consistently were un­

able to separate c o m p : e t ~ l y fraction A and B. Nevertheless. a

partial separation of fractions A and B was achieved. In the

following experiments. Cltrogel fractions from liver and kidney

extracts were incubatBi ~ i t h [U_
14

C: NH
2

TP and the formation of

either compound X or E e ~ i a p t e r i n ane BH
4

was monitored as

described below.
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Assay for compound X

As mentioned previously, ~ ~ e labile intermediate, compound X,

was formed from [ U _ l 4 C ] ~ ~ ~ : P by fraction A2 after Al was de-
"-

strayed by heat t r e a t m e ~ t ~ s e e figure 5).

mg P r a ' e i n ~ m l ....--.

j cpm 14C-PyruV.lhydr.zon_ .- .....

3.0

30

~ ~

:', I \\

: ~ ;
, .I \
I ,I ~

i I~ 1I ', .. ,
,; ,, , ,
I • ,
I • •
I .... _ ~,
,,

4030

...,
~

/ \\
/ : ~'\' ,, .

I " \: ~ .. '.
:a.
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Fraction No.

'0

••0 500

2.0 '000

Fig. 5. Elution p r ~ f i I e of Ultrogel AcA 34 enzyme
preparation from r a ~ liver (A) and human kidney (B).
Enzyme A activity ~ = s determined by incubating the
NH2TP preparation w i t ~ the UItrogel AcA 34 fractions
and measurement of ~ h e isolated [14 C]pyruvate hydrazone.

Following incubation of [U_
14

C]NH
2

TP with fraction A2, dinitro­

phenylhydrazine was added L ~ ~ e d i a t e l y to the reaction. If there

is a diketo compound X, upon reaction with dinitrophenylhydra­

zine, a dinitrophenyl p y r u ~ a t e hydrazone should be formed. This

would provide indirect evicence for the existence of compound X.

In fact, the pyruvate hydr2zone could be demonstrated as de-
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scribed below. It was extracted with chloroform and separated

by TLC in l-butanol:acetic acid:water (20:1:3, v/v) on silica

gel. The zone that comigrated with authentic pyruvate hydrazone

was scraped off and eluted with ethanol:water (80:20, v/v) and

the radioactivity of the eluates was quantitated.

To provide evidence that the hydrazone was indeed formed from

pyruvic acid, the hydrazone was cleaved under reducing condi­

tions so that pyruvate can be converted to alanine; the dini­

trophenyl pyruvate hydrazone was hydrogenated catalytically

with platinum oxide in ethanol at pH 7. Identification of radio­

active alanine was done by TLC in I-butanol:acetic acid:water

(4:1:1, v/v) on silica gel, by a comparison with authentic

material. The ability of rat liver and human kidney extracts to

form the pyruvate hydrazone is shown in figure 5.

Assay for sepiapterin and BH
2

formation

Fractions from the Ultrogel AeA 34 column were eluted as de­

scribed above, however, they were not heated in order to retain

component Al enzyme activity. Since we could not achieve com­

plete separation of fractions A and B on Ultrogel, it was

necessary to test the ability of these fractions to convert

[U_ 14C]NH
2

TP into either sepiapterin, BH
2

, or both (see

figure 6). A portion of each fraction was reacted in the dark

for 1 hour at 37
0

C with the following mixture in a final volume

of 1 ml at pH 7.4: 1) 0.05 M Tris buffer (pH 7.4); 2) 20-200

r ~ o l [U_ 14C]NH
2

TP prepared as previously described; 3) 2"5 mM

NADPH; and 4) 0.5 mM MgS0
4

. The reaction was terminated by

applying the reaction products over a Ecteola-Sephadex G-25

column (16x320 mm) equilibrated with water. Standard pterins

were eluted in the following order: BH
2

, sepiapterin, biopter­

in, and pterin. The radioactivity from samples that co-eluted

with standard BH
2

and sepiapterin was collected and pooled for

further purification by HPLC (see figure 7). Radioactive
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Fie. 6. E l ~ t i o n profile of 2 ml of a 40-65%
saturated a ~ ~ o n i u m suI fate fraction of human
kidney on a ~ Ultrogel AcA 34 column (16x580 mm)
in 0.05 molll potassium phosphate pH 6.8 .
Flow rate 10 mllh, 3 ml fractions.
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Fie. 7. HPLC purification of [U_ 14 C]B and [U_ 14 C]
pterin s y n t ~ e s i z e d by rat kidney extracts.
A: Second ~ P L C chromatography on Lichrosorb RP-8

of pooled fractions (B + pterin) from the first
chromatography on RP-8.

B: Elution profile of the pooled fractions from A
(18 - 21) on Lichrosorb RP-2.
B = Biopterin, P = Pterin.
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fractions c o r r e s p o n d i n ~ to the elution of B H ~ and s e p i a p ~ e r i n
"-

were collected, concent=ated and further analyzed by TLC after

oxidation of BH
2

to bio;terin by manganese dioxide at pE 2. The

TLC system used was l - b ~ t a n o l : a c e t i c acid:water (20:3:7. v/v)

on silica gel plates. A:ter this third and final chromatcgra­

phic purification, the =adioactive BH
2

and sepiapterin were

eluted from the scraped silica gel fractions with ethanol:3%

ammonia (1:1, v/v) and =adioactivity was quantitated. The

results presented above are summarized in Table 2.

Table 2

Products of [ U - l ~ C 1 G T P convers i on by human kidney and rat liver in vitro.

Material Ultroge1 [U-l~C]GTP Product dpm/h '" from GTP10

fraction (dpn x 10- 5
) mg protein

1) Human A, 30a
7.3 [ U - l ~ C 1 S c 367 0.05

kidney
B, 34

a
7.3 [U_ 1 ~CJ BH 2 1200 0.16

2) Human A, 26 b
4.4 [U_ 1 ~Cl Pyr hydd 2025 0.46

kidney from compound X

3) Rat A, 2Sb
4.4 3720 0.85

liver

~ F r a c t i o n number refers to figure 6.
Fraction numbers correspond to those from different experiments

~sepiapterin
Pyruvate hydrazone

Pterin measurements in human urine as an indicator of defects

in BH
4

biosynthesis

Examination of the urina=y pterin profile can often yield

valuable information on ~ h e type of PKU patient and the proper

method of treatment for the patient. Furthermore, clinical

analyses can often substantiate results obtained from in vitro

studies. In our PKU studies, we demonstrated relatively large

amounts of 3'-hydroxysepiapterin (HS) in BH
2
-deficient patients

(3.9-9.6 mmol HS/mol creatinine) as compared with the low

concentrations that were also detected in healthy controls as
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well as i ~ p a t i e ~ ~ 5 ~ l ~ r . dihydropteridine reductase (DHPR)

deficiency ( 4 0 , ~ 1 ) . It is assumed that the excreted HS is de­

rived f r o ~ HS triphosphate by cleavage of the phosphates. It is

also possible that ES ~ight be formed from NH
2

TP or NH
2

by non­

enzymatic o x i d a t i o ~ , but this is not probable for two reasons.

Firstly, B ~ 2 can also be oxidized into sepiapterin by a non­

enzymatic oxidation, although only trace amounts of sepia­

pterin have been detected in the urine of DHPR-deficient

patients. Secondly, after loading with NH
2

TP (2.5 mg/kg), a

high voltage electrophoresis chromatogram of fresh urine from,

an adult human control showed only traces of HS, but large

amounts of NH
2

and neopterin were measured. However, after

storage of this urine for 9 months at _200 C, an HPLC chromato­

gram displayed r e ~ a r k a b l e concentrations of HS, thus, indicating

that non-enzymatic oxidation had occured. Therefore it seems

likely that HS triphosphate is on the metabolic pathway and an

intermediate in the BH
4

biosynthesis. Thus, the most probable

reaction sequence based on the above observations by Tanaka

and other researchers is shown in figure 8.

Discussion

There are still many unanswered questions and several controver­

sies regarding B ~ 4 biosynthesis. Following the investigations

of F u k u s h L ~ a et al. in chicken liver (29), Dhondt (30) and Blau

and Niederwieser (31) in human liver, there exists only one

enzyme, GTP-cyclohydrolase I, synthetising NH
2

TP from GTP. This

i-s in agreement with the results of other authors investigating

non-mammalian systems. On the other hand, Gal and coworkers

claimed that in rat brain, there existed two distinct enzyme

fractions converting GTP, first to a pyrimidine derivative

(FPydP
3

) (cyclohydrolase I and 11) and a second enzyme fraction

converting the pyrimidine to dihydroneopterin triphosphate (di-
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(40) that large amounts of ~ : can be detected in the urine of a

BH
2
-deficient atypical PKU ;~~ient also supports the hypothesis

of compound X. This o b s e r v c ~ : 8 n further suggests that HS is an

intermediate in the synthesis of BH
4

.

Several groups have d e m o n s t ~ c ~ e d that sepiapterin is converted

to BH
2

by sepiapterin r e d u c ~ c 5 e , which indicates that sepia­

pterin may be an intermecicte in BH
4

biosynthesis. However, the

BH
2

formed appears to be ic the non-quinonoid form and there­

fore, would not be reduced to BH
4

by quinonoid dihydropterin

reductase. It has been s h o w ~ in vitro that the conversion of

BH
2

to BH
4

can be accomplishej by dihydrofolate reductase (43),

but whether this is a major reaction in vivo remains unclear.

It is noteworthy that neopterin cannot be detected in rat

tissues (42), yet it exists in humans. Since the biosynthetic

reactions appear to be similcr in the rat and human but the

pterin metabolic profile is tifferent, this may indicate that

GTP-cyclohydrolase is r a t e - 1 L ~ i t i n g only in the rat and not in

humans. The presence of neopterin in humans indicate that the

conversion of NH
2

TP to sepiapterin might be an important point

of regulation in BH
4

synthesis in man.

Acknowledgements

We wish to thank Drs T. Shiota (University of Alabama, Birming-
• I

! ham, AL, USA) and E.M. Gal (Iowa City, IQ, USA) for valuable

discussions, and to Mr. W. Leimbacher and Miss A. Matasovit for

their technical assistance. ne are especially grateful to Dr.

R.A. Levine (NIH, Bethesda, ! ~ D , USA) for valuable discussions

and his most helpful assistar-ce in the preparation of this

manuscript. This work was s u ~ p o r t e d by the Swiss National

Science Foundation project ~ o . 3815-0.79.



46

1. :anks, D.M.: Pteridines and phenylketonuria. Report of a
-8rkshop. Introductory comments. J. Inher. Metab. Dis. l,
';7-48 (1978).

2. ;"a"..:::::-,an, S., Holzman, N.A., Milstien, S., Buther, I.J. and
:"ru.'.holz, A.: Phenylketonuria due to a deficiency of di­
~ y c r o p t e r i d i n e reductase. New Engl. J. Med. 293, 785 (1975).

3. ~ ; i e c e r w i e s e r , A., Curtius, H.-Ch., Bettoni, 0., Bieri, J.,

3chircks, B., Viscontini, M. and Schaub, J.: Atypical
phenylketonuria caused by 7,8-dihydrobiopterin synthetase
=eficiency. Lancet 131-133 (1979).

4. :urtius, H.-Ch., Niederwieser, A., Viscontini, M., Otten,
~ . , Schaub, J., Scheibenreiter. S., schmidt. H.: Atypical
phenylketonuria due to tetrahydrobiopterin deficiency.Diag­
~ o s i s and treatment with tetrahydrobiopterin, dihydrobio­
pterin and sepiapterin. Clin. Chim. Acta 21, 251-262 (1979).

5. ~ ; i e d e r w i e s e r , A., Staudenmann, W., Wang, M., Curtius, H.­
:h., Atares, M., Cardesa-Garcia. J.: Hyperphenylalaninemia
.ith neopterin deficiency. A new enzyme defect presumably
~ f GTP-cyclohydrolase. Eur. J. Pediat. 138, 97 (1982).

6. ~ e y , R., Harpey, J.P., Leeming, R.J., Aicardi, J., Rey, F.:
:es hyperphenylalaninemies avec activite normale de la
p ~ e n y l a l a n i r . e hydroxylase. Arch. fran9. pediat. l± (suppl.)
:'09 (1977).

7. 3artholome, K.: A new molecular defect in phenylketonuria.
:ancet lX, 1580 (1974).

8. 5 ~ i t h , l., Clayton, B.E., Wolff, O.H.: New variant of
;henylketonuria with progressive neurological illness un­
responsive to phenylalanine restriction. Lancet 1108-1111
'1975) .

9. ~ a u f ~ a n , S.: Properties of the pterin-dependent aromatic
~ ~ i r . o acid hydroxylases. In: Aromatic Amino Acids in the
3rain. CIBA Foundation, Elsevier, New York, pp 81-115
'1980).

10. ~ o v e n b e r g , W. and Victor, S.J.: Regulation of tryptophan
~ n d tyrosine hydroxylase. Life Sci. li, 2337-2353 (1974).

11. ~ i e d e r w i e s e r , A., Curtius, H.-Ch., Gitzelmann, R., Otten,
;.., 3aerlocher, K., Blehova, B., Berlow, S., Grobe, H.,
~ e y , F., Schaub, J., Scheibenreiter, S., Schmidt, H. and
'iscontini, M.: Excretion of pterins in phenylketonuria



47

and D h e n v l k e t o ~ ~ = i a variants. Helv. paediat. Acta}2, 335­
342 (1980).

12. Niederwieser, h .. Curtius, H.-Ch., Wang, M., Leupold, D.:
Atypical p h e n y l ~ = t o n u r i a with defective biopterin metabo­
lism. Monother2;: with tetrahydrobiopterin or sepiapterin,
screening and s ~ ~ d y of biosynthesis in man. Eur. J. Pediat.
138, 110-112 ( 1 S - ~ 2 ) .

13. Curtius, H.-Ch., Mtildner, H. and Niederwieser, A.: Tetra­
hydrobiopterin e:fective in endogenous depression and
Parkinson's d i s e ~ s e . (Submitted for publication).

14. Curtius, H.-Ch., ~ i e d e r w i e s e r , A. and Mtildner, H.: Tetra­
hydrobiopterin effective in Parkinson syndrome. Proc. of
the Vllth Int. S ~ ~ p . on Parkinson's disease, in press.

15. Nagatsu, T., Y a , ~ g u c h i , T., Rahman, K., Trocewicz, J., Oka,
K., Nagatsu, I., ~ a r a b a y a s h i , H., Kondo, T. and Iizuka, R.:
Catecholamine-re:ated enzymes and the biopterin cofactor in
Parkinson's d i s e ~ s e . Proc. of the Vllth Int. Symp. on
Parkinson's d i s e ~ s e , in press.

16. LeWitt, P., Mill€r, L., Insel, Th., Calne. D., Lovenberg,
W. and Chase, Th.: Tyrosine hydroxylase cofactor in
Parkinsonism. Pr:c. of the Vllth Int. Symp. on Parkinson's
disease, in press.

17. Burg, A.W. and B=own, G.M.: The biosynthesis of folic acid.
VIII. Purificaticn and properties of the enzyme that cata­
lyzes the p r o d u c ~ i o n of formate from carbon atom 8 of
guanosine triphosphate. J. Biol. Chem. 243, 2349-2358
(1968) •

18. Yim, J.J. and Brc'Nn, G.M.: Characteristics of guanosine
triphosphate cyc:ohydrolase I purified from E.co1i. J.
Biol. Chem. 251, 5087-5094 (1976).

19. Cone, J. and Gurcff, G.: Partial purification and proper-.
ties of guanosir.e triphosphate cyclohydrolase, the first
enzyme in pterici:;e biosynthesis, from Comamonas sp. (ATCC
112299a) J. Biol. Chem. 246, 979-985 (1971).

20. Kohashi, M., Itaeani, T. and Iwai, K.: Purification and
characterization of guanosine triphosphate cyclohydrolase
from Serratia i:-:ica.Agric. Biol. Chem. 44 (2), 271-278
(1980) .

21. Jackson, R.J. anc Shiota, T.: The nature of the multiple
forms of D-eryth=o-dihydroneopterin triphosphate synthe­
tase. Biochim. B ~ o p h y s . Acta 403, 232-244 (1975).



48

22. Suzuku, Y.. Yasui, T. and Abe. S.: Occurence of GTP cyclo
hydrolase I in ~ a c i l l u m stearothermophilus. J. Biochem. ~

1679-1685 (1979).

23. Fan, C.L. and Brown, G.M.: Partial purification and pro­
perties of guanosine triphosphate cyclohydrolase from
Drosophila melanogaster. Biochem. Gen. 14 (3/4). 259-270
(1976).

24. Krivi, G.G. and Brown, G.M.: Purification and properties
of the enzymes from Drosophila melanogaster that catalyze
the synthesis of sepiapterin from dihydroneopterin tri­
phosphate. Biochem. Gen. 11, 371-390 (1979).

25. Otsuka, H., Suguira, K. and Goto, M.: Biosynthesis of
biopterin in Ascaris lumbricoides suum. Biochim. Biophys.
Acta 629, 69-76 (1980).

26. Gal, E.M., Nelson, J.M. and Sherman, A.D.: Biopterin. Ill.
Purification and characterization of enzymes involved in
the cerebral synthesis of 7,8-dihydrobiopterin. Neurochem.
Res. ~ , 69-88 (1978).

27. Gal, E.M., Henn, F.A. and Sherman, A.: Biopterin IV.
Regional and subcellular aspects of L-erythro-7,8-dihydro­
biopterin synthesis in brain. Neurochem. Res. ~ , 493-499
(1978).

28. Gal, E.M., Dawson, M.R., Dudley, D.T. and Sherman, A.D.:
Biopterin: VI. Purification and primary amino acid sequ­
ence of mammalian D-erythro-7,8-dihydroneopterin triphos­
phate synthetase. Neurochem. Res. ~ , 605-625 (1979).

29. Fukushima, K., Richter. W.E. Jr., Shiota, T.: Partial
purification of 6-(D-erythro-l',2',3'-trihydroxypropyl)­
7,8-dihydropterin triphosphate synthetase from chicken
liver. J. BioI. Chem. 252. 5750-5755 (1977).

30. Dhondt, J.L.: personal communication.

31. Blau, N., and Niederwieser. A.: GTP-cyclohydrolase I assay
in human and rat liver using HPLC of neopterin phosphates
and guanine nucleotides. Anal. Biochem., submitted for
publication.

32. Tanaka, K., Akino, M., Hagi, Y., Doi, M. and Shiota, T.:
The enzymatic synthesis of sepiapterin by chicken kidney
preparations. J. BioL Chem.256, 2963-2972 (1981).

33. Matsubara, M., Katoh, S., Akino, M. and Kaufman, S.:
Sepiapterin reductase. Biochim. Biophys. Acta 122, 202­
212 (1966).



49

34. Kapatos, G., K a t o ~ :-- .= --=- ~ . : Sepiapterin (6-
lactyl-7,8.dihydrc;-: r::-.I : ~ ~ : . : _ ~ _ -:,=r:7lediate in biopterin
biosynthesis in a :e l-==ee ; = e ; ~ r e - : i o n from rat striatum.
In: Function and Re-;·.:l=.ti:::: := ;'.c:::;;"--:-.ine Enzy:::es (Usdin,
E., Weiner, N., Y o ~ ~ i ~ . ~ . = . ~ _ ~ = = . ) MacMillan Publ. Ltd.
London, pp 263-270 ( l ~ ~ l ) .

35. Tanaka, K., Akino, > ~ . , ::a;:' _. e::.e 5hiota, T.: Biosynthe­
sis of biopterin b ~ c ~ i c ~ e : : e ~ = ~ e ;reparations. In:
Chemistry and Biole,;y c= ~ - : ' ~ r : . ~ : . : : e = . (Kisliuk, R.L. Brown,
G.M., eds.) E l s e v i E = / ~ ; c = t : : - = : : " : ' : . : : = , ::JP 147-152 (l979).

36. Curtius, H.-Ch., H ~ · . l s e = : : - , a : : : : ~ L , ~ , i e : : e r w i e s e r , A., Endres,
W. and Viscontini, X.: ~ e ~ :.=?e=-:s ic biopterin biosynthes­
es. In: Function ace R = q ~ l a - : : . : : == ~onoamine Enzymes.
(Usdin, E., Weiner, ~ , . , YOi.l::::'..-rr, ~.3.3., eds) M a c ~ ' 1 i l l a n

Publ. Ltd. London, ~ p 251-2:2 ( l ~ ~ l ) .

37. Hausermann, M., Ghisla, S., ~ ; : : ' e = ~ = - •..-ieser, A. and Curtius,
H.-Ch.: New aspects i ~ ~ i o ~ - : e = : ' : : ~ : ' c 5 y n t h e s i s in man.
FEBS Lett. 131 (2), 275-278 ( : . S ~ : . ) _

38. Viscontini, M. and Fu=uta. T.: 5 T = ~ h e s e von D-Neopterin-3'­
phosphat und D - N e o F - : e = i ~ - 2 ' ,3'-=7c2D;hosphat. Betrach­
tungen iiber die B i c ? t e r i n - B : : ' ~ e : : . e = = . ~ e l v . Chim. Acta 56
1819-1821 (1973).

39. Antoulas, S. Viscor.tir.i, M.: ~ T = - : : : ~ s e de l'ester tripoly­
phosphorique de la : ~ ~ r a h y d r = - 5 . : , - , ~ - D - n ~ o p t ~ r i r . e . Essai
d ' i n t e r p r ~ t a t i o n de la ~ i o s ~ ~ ~ ~ e de la L - s ~ p i a p t ~ r i n e .

Helv. Chim. Acta ~ . 1134 ( : ' ~ = l ) .

40. Niederwieser, A., M e t a s o v i ~ , ~ _ . C ~ t i u s , H.-Ch .• Endres,
W. and Schaub. J.: 3 ' - : : . d r o X 7 s ~ = : a ~ L e r i n in patients with
dihydrobiopterin d e = i c i ~ n c y . - ::~3= :"ett. 118, 299-302 0-980).

41. Curtius, H.-Ch., Ha:::ser::a=. ~ _ . ~ ; i e c . e r w i e s e r , A., Endres,
W. and Viscontini, ~ . : ~ e w as;ec-:s i:: biopterin biosynthes­
es. In: Function ar:;: R e ~ la:tiG= == ~c:loamine Enzymes (Usdin,
E., weiner, N.. You:ir:.. 11.3.::." ?,::$.) Macmil1an Pub!. Ltd.
London, pp 251-262 ~ 1 9 3 ~ ) .

42. Fukushima T., Nixon. J.C.: ~ ~ ~ l ~ : ~ s ef reduced forms of
biopterin in biological t i s s ~ e s E ~ = fluids. Anal. Biochem.
102. 176-188 (1980).

43. Abelson, H.T., S p e c ~ a r . R.
Kinetics of t e t r a h y = r c ~ i o p

dihydrofolate r e d u c ~ a s e . B

::::::-k=., and Fosburq. M.:

eri= ~ ~ ~ ~ e s i s by rabbit brain
~ : : : e ~ . :. 171. 267-268 (1978).



50

44. Eto, I., Fukushirna, ~ . and Shiota, T.: Enzyrnatic synthesis
of biopterin from D-erythro-dihydroneopterin triphosphate
by extracts of kidneys from Syrian golden hamsters. J.
Biol. Chem. 251, 6505-6512 (1976).

45. Lee, C.-L., Fukushima, T. and Nixon, J.C.: Biosynthesis of
biopterin in rat brain. In: Chemistry and Biology of
Pteridines. (Kisluik, R.L., Brown, G.M., eds.) Elsevier/
North-Holland, pp 125-128 (1979).


