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Abstract. Nitric oxide synthases require a surprisingly rich selection of cofactors to
perform the conversion of L-arginine to citrulline and nitric oxide (NO): NADPH, FAD,
FMN, heme and tetrahydrobiopterin. In a previous minireview in this journal we sum-
marized work concerning the induction of tetrahydrobiopterin biosynthesis by cyto-
kines, which yields increased intracellular tetrahydrobiopterin concentrations sup-
porting NO formation by intact cells (P.S.E.B.M. 203:1-12). The present review updates
work on the induction of tetrahydrobiopterin biosynthesis by cytokines, and summa-
rizes recent advances in research of tetrahydrobiopterin dependence of the NO syn-
thase reaction. Studies using recombinant NO synthases and site-directed mutations
thereof have localized several amino acids critical for tetrahydrobiopterin binding,
which are discussed in reference to the recently published crystal structure of the
dimer of the oxygenase domain of murine inducible NO synthase with substrate and
pterin. Allosteric actions of tetrahydrobiopterin on NO synthases are stabilization of
dimers, stabilization of a conformation with high-spin heme iron, and support of bind-
ing of the substrate L-arginine. Since the 4-amino analog of tetrahydrobiopterin, which
is a dihydropteridine reductase inhibitor, supports these allosteric actions but inhibits
the enzyme activity, tetrahydrobiopterin appears to play a redox-active role in stimu-
lating the NO synthase reaction in addition to its allosteric actions on NO synthases.
Amelioration of endothelial dysfunction by tetrahydrobiopterin in animal models and
in humans in vivo has been observed. It remains to be investigated, however, to what
extent the role of tetrahydrobiopterin as cofactor of NO synthases contributes to these

in vivo effects of tetrahydrobiopterin.

[P.S.E.B.M. 1998, Vol 219]

s outlined in our earlier review (1), activating cy-
tokines like y-interferon tumor necrosis factor-a, or
interleukin-1 potentiate the activity of guanosine 5’
triphosphate (GTP) cyclohydrolase I, the first and rate-
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limiting enzyme of tetrahydrobiopterin biosynthesis. Dihy-
droneopterin triphosphate, the product of the GTP cyclohy-
drolase I reaction, is then converted to tetrahydrobiopterin
by the action of the subsequent enzymes of the pathway,
6-pyruvoyl tetrahydropterin synthase and sepiapterin reduc-
tase, which are constitutively present in most cells and only
marginally regulated by cytokines. Table I gives an updated
overview of cultured cells studied for the induction of tet-
rahydrobiopterin biosynthesis. In non-primate cells, nitric
oxide (NO) synthase is induced in parallel to GTP cyclo-
hydrolase I especially when the cells are stimulated by a
mixture of cytokines. Induction of GTP cyclohydrolase I
thus provides the cofactor tetrahydrobiopterin for NO syn-
thesis. The importance of this increase in intracellular levels
of tetrahydrobiopterin for NO synthesis can be demon-
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Table I. Induction of Pteridine Synthesis in Cultured Cells by Cytokines®

Stimuli
Cell Reference
positive negative

Human
A431 epidermoid carcinoma IFNvy (108)
A498 kidney carcinoma IFNvy (108)
A549 lung carcinoma IFNvy (108)
B lymphocytes (blood) IFNv, IL-2, PWM (109)
Endothelial cells, umbilical vein IFNy, TNFa, LPS (32, 110, 111)
Endothelial cells ea.hy926 IFNYy, TNFq, IL-1, LPS; IL-4, IL-10, TGFB (112)
Fibroblasts (dermis) IFN~y, TNFq, IL-1 (1, 108, 113)
HUT102 T lymphocytes IFNy, IL-2 (114, 115)
Macrophages, peripheral blood IFNa,B,y, TNFa, LPS (116-119)
Mononuclear cells, periph. IFNa,B,y, IL-2, LPS, PHA, PWM (114-116, 118, 119-123)

blood
ME-180 cervial carcinoma cells IFNy (124)
MT-2 T cells (umbilical cord) IFNy, IL-2 (30, 114)
SK-HEP-1 hepatoma IFN~y (108)
Smooth muscle cells IFNy, TNFq, IL-1, LPS (125)
T lymphocytes (periph. blood) PHA (30, 114)
Thyrocytes IL-1a, IFN-y (126)
THP-1 monocytoma IFNa,B,y, TNFq, LPS (127)
T24 bladder carcinoma IFNvy (108, 113)
U138MG glioblastoma IFNvy (108)
U373 glioblastoma IFN+y (128)
U937 monocytoma IFNy, PHA (30)
Mouse
Fibroblasts, dermal IFNy, TNFa (129)
J774A1 macrophage line constitutive CsA, FK506 (129, 130)
L929 fibroblasts IFNy, TNFa Werner-Felmayer et al.,

unpublished

Macrophages, B10-BR, LPS (131)

resident
Macrophages, BALB/c, IFNy, TNFa (128)

resident
Macrophages, C3H/HeN, LPS dexamethasone (112)

elicited
N1E-115 LPS (132)
OVA T-cell line IL-2 (131)
P388D1 macrophage line constitutive (129)
Raw 264 macrophage line constitutive, IFNy, LPS (49, 50, 133)
Rat
C6 glioma LPS, TNFa (134)
Cardiac endothelial cells IL-1, IFNy, glucocorticoids (8)
Glial celis LPS, IFNy, TNFa, IL-2 (128)
Granulosa cells FSH, gonadotropin (135)
Hepatocytes LPS + TNFa + IL-1 + IFNy (136)
Macrophages elicited IFNvy + LPS (133)
Mesangial cells IL-1, cAMP dex, ET-1 (10, 137—-139)
PC-12 pheochromocytoma EGF, NGF, dex (36, 140)

Smooth muscle cells
Superior cervical ganglia

IFNy, IL-1, LPS, TNFa, LTA TGFB, thrombin

LIF, CNTF

(5, 21, 31, 141-143)
(144)

2 Abbreviations: CNTF, ciliary neurotrophic factor; DAHP, 2,4-diamino 6-hydroxy pyrimidine; dex, dexamethasone; ET, endothelin; FSH, follicle
stimulating hormone; IFN, interferon; IL, interleukin; LIF, leukemia inhibitory factor; LPS, lipopolysaccharide; LTA, lipoteichoic acid; NGF, nerve
growth factor; PHA, phytohemagglutinin; PWM, poke weed mitogen; TNF, tumor necrosis factor.

strated by using inhibitors of tetrahydrobiopterin biosynthe-
sis. Depletion of intracellular tetrahydrobiopterin levels
leads to a drop in NO formation by both inducible NO
synthase (iNOS; measured as nitrite plus nitrate in culture
supernatants) and constitutive NO synthases (eNOS; nNOS;
measured as cGMP accumulation following a Ca®* trigger).
Table II gives an updated summary of cells in which a drop
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in NO formation by depletion of intracellular tetrahydrobi-
opterin has been observed. Many of these investigations
have used the protocol of our initial study (2) to inhibit
intracellular tetrahydrobiopterin biosynthesis: 2,4-diamino
6-hydroxy pyrimidine (DAHP) is used to inhibit GTP cy-
clohydrolase I (3), and intracellular tetrahydrobiopterin lev-
els can be restored in the presence of this inhibitor by se-



Table Il. Inhibition of NO Formation in Cultured Cells by Depletion of Intracellular Tetrahydrobiopterin®

Cell NOS Inhibitor Reference
Chicken macrophages iNOS DAHP (145, 146)
Murine dermal fibroblasts iNOS DAHP (2)
Murine brain endothelial cells iNOS DAHP, NAS (147)
Murine vascular endothelial, send iINOS PCC, dicumarol 7)
Murine macrophages iNOS DAHP, PCC, NAS, dex (6, 133)
Murine proximal tubule cells iNOS DAHP (148)
Human endothelial cells, umbilical vein eNOS DAHP (110, 111)
Human cervical carcinoma ME-180 nNOS DAHP (124)
Human thyrocytes iNOS DAHP (126)
Porcine endothelial cells, aortic eNOS DAHP (149)
Rat cardiac endothelial cells iNOS glucocorticoids (8)
Rat cardiac myocytes iNOS DAHP (20)
Rat glial cells iINOS DAHP (128, 150)
Rat glomerular mesangial cells iNOS DAHP (138)
Rat hepatocytes iNOS DAHP (137)
Rat lung fibroblasts iNOS DAHP (151)
Rat smooth muscle cells, aortic iNOS DAHP, NAS (5, 21, 152)

@ Abbreviations: DAHP, 2,4-diamino 6-hydroxypyrimidine; NAS, N-acety! serotonin; PCC, phenprocoumon.

piapterin. Conversion of sepiapterin to tetrahydrobiopterin
can be blocked by methotrexate (4). Some studies also used
sepiapterin reductase inhibitors to deplete intracellular tet-
rahydrobiopterin (5-7) or glucocorticoids like dexametha-
sone (6, 8). In addition to its effects on transcription of the
iNOS gene, dexamethasone reduces iNOS mRNA stability
and translation and increases the degradation of the iNOS
protein (9). Moreover, dexamethasone reduces induction of
tetrahydrobiopterin biosynthesis (6, 8, 10, 11) and inhibits
arginine transport (8), two mechanisms further downregu-
lating the NO synthesis of dexamethasone-treated cells.

The fact that modulation of intracellular tetrahydrobi-
opterin levels alters the amount of NO formed by intact cells
seems to be surprising in view of the observation that tet-
rahydrobiopterin binds tightly enough to NO synthase to
remain bound upon purification of the enzyme (12, 13).
Experiments with radiolabeled tetrahydrobiopterin, how-
ever, explained this paradox. As shown for nNOS (14) and
iNOS (15), NO synthase contains two identical, highly an-
ticooperative binding sites for tetrahydrobiopterin. Occupa-
tion of the first, high-affinity site decreases the affinity of
the NO synthase dimer for the second tetrahydrobiopterin
molecule by almost three orders of magnitude. Manipula-
tion of tetrahydrobiopterin levels in intact cells thus may not
alter occupation of the first, high-affinity site but change the
degree of the occupation of the low affinity binding site and
thereby modulate enzyme activity.

DAHP is not a very potent inhibitor of GTP cyclohy-
drolase I, and thus must be used in millimolar concentra-
tions to exert its effects. This can cause additional actions on
cells, (e.g., an attenuation of the induction of NO synthase
in cases of suboptimal stimulation by a single stimulus in
freshly isolated murine macrophages (16) or in human mes-
angial cells (17). In vascular smooth muscle cells, tetrahy-
drobiopterin was reported to post-transcriptionally stabilize
iNOS mRNA (18). Studies with human mesangial cells

showed that the effect of tetrahydrobiopterin on expression
is not specific for iNOS mRNA, but is also observed with
another cytokine-induced enzyme, cyclooxygenase 2 (19).
However, using murine fibroblasts and optimal stimulation
with combined stimuli, these side effects of DAHP are not
observed, and a depletion of intracellular tetrahydrobiop-
terin is seen without changes in iNOS and GTP cyclohy-
drolase I mRNA and protein levels (Fig. 1). In accordance
with our findings, iNOS mRNA expression in IL-1-treated
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Figure 1. Independence of expression of INOS mRNA and iNOS
protein from treatment of cells by 2,4-diamino-6-hydroxy pyrimidin
(DAHP). Murine fibroblasts were cultivated, stimulated with a com-
bination of y-interferon and tumour necrosis factor-a as described in
Ref. 2, and treated for 24 hr with (A) no further treatment; (B) 5 mM
DAHP; (C) 100 uM sepiapterin; (D) 5 mM DAHP + 100 pM sepi-
apterin. Cells were then collected and nitrite determined in superna-
tants by the Griess reaction. Northern blots were performed using 10
ug of total RNA and a ®2P-labeled murine iNOS-cDNA-probe. West-
ern blots were performed by standard techniques using 50 pg of
cellular protein, and the INOS band visualized with a rabbit antiserum
to murine holo-iNOS, an anti-rabbit IgG horseradish peroxidase con-
jugate and the ECL detection system (Amersham, Little Chalfont,
U.K.). Murine iNOS cDNA and antiserum were kind gifts of Qiao-wen
Xie and Carl Nathan (Cornell University Medical College, New York,
NY).
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cardiac myocytes was not altered by addition of DAHP (20).
On the other hand, side effects of N-acetyl serotonin on
expression of iNOS have been observed (21). Thus, depend-
ing on the particular conditions and cells used, DAHP may
have actions in addition to tetrahydrobiopterin depletion,
and modulation of intracellular tetrahydrobiopterin may
have more general actions on cells in addition to influencing
NO synthase activity. However, as outlined in the example
in Figure 1, these additional effects do not necessarily occur
in all cases, and DAHP and sepiapterin are able to modulate
NO synthase activity in intact cells without overt side ef-
fects on iNOS mRNA and protein levels.

Interestingly, coordinate regulation of tetrahydrobiop-
terin biosynthesis by cytokines has not only been observed
for NO synthase. In PC-12 rat pheochromocytoma cells, for
example, NGF and EGF upregulate GTP cyclohydrolase I
and tyrosine hydroxylase, a tetrahydrobiopterin-dependent
enzyme, in a coordinate way (22). In hepatocytes, where
both phenylalanine hydroxylase and iNOS are present, there
is no limitation of either activity by competition for the
common cofactor, tetrahydrobiopterin (23). Only phenylal-
anine but not arginine increases biopterin synthesis in the
liver by action of the recently cloned GTP cyclohydrolase 1
feedback regulatory protein (24, 25). GTP cyclohydrolase I
was found to colocalize with tyrosine hydroxylase but not
with NO synthase in rat brain (26). This is in line with the
orders of magnitude higher concentrations of tetrahydrobi-
opterin required for stimulation of aromatic amino acid hy-
droxylases as compared to NO synthases (see below). On
the other hand, hypoxia caused a parallel induction of nNOS
and GTP cyclohydrolase I mRNAs in rat cerebella (27).

Although the human (28, 29) and murine gene (28) for
GTP cyclohydrolase I have been cloned, the molecular
mechanism of stimulation of GTP cyclohydrolase I by cy-
tokines is not yet known. Cytokines cause an increased level
of GTP cyclohydrolase I mRNA (30, 31), which is a result
of increased transcription as demonstrated by the nuclear
run on assays (32). The increase in GTP cyclohydrolase I
mRNA is inhibited by pyrrolidine dithiocarbamate (33), in-
dicating a possible involvement of nuclear factor kappa B in
the induction. Although in this case iNOS induction is af-
fected in parallel, it is clear from experiments with single
stimuli that single cytokines can stimulate either induction
of NO synthase or GTP cyclohydrolase I alone. Thus the
signal transduction events leading to induction of GTP cy-
clohydrolase I may be similar in some steps but cannot be
identical to those leading to NO synthase expression. In
v-interferon treated THP-1 cells, we recently characterized
GTP cyclohydrolase I mRNAs. We found two species: one
2.9-kB mRNA, which with the exception of two nucleotides
in the untranslated region is identical to the human pheo-
chromocytoma GTP cyclohydrolase I mRNA (34), as well
as a new splicing variant encoding a protein with an altered
carboxy terminus. No indication of a cytokine-induced form
of GTP cyclohydrolase I arising from a gene different from
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the gene encoding the constitutive liver enzyme was de-
tected (G. Werner-Felmayer et al., unpublished data).

Induction of tetrahydrobiopterin biosynthesis by cyto-
kines and attenuation of NO synthesis by inhibition of tet-
rahydrobiopterin biosynthesis have also been observed in
vivo. The first studies on GTP cyclohydrolase I induction in
vivo were not done with cytokines, but were performed
using insuline and reserpine in rats, which led to an increase
in GTP cyclohydrolase I activity in the adrenal medulla
(35). As was shown more recently, cortisol also increases
GTP cyclohydrolase I mRNA in rat adrenal medulla (36).
Induction of GTP cyclohydrolase I in humans can be con-
veniently measured by determining neopterin concentra-
tions in body fluids (reviewed in Ref. 37). Increased body
fluid concentrations of nitrite plus nitrate parallel the in-
crease in neopterin in humans (e.g., in bone marrow trans-
plantation (38)), and in HIV infection (39, 40). A model of
experimental septic shock in baboons confirmed the parallel
induction of both pathways, pteridine and NO synthesis,
under immunostimulant but not under hemorrhagic condi-
tions (41). In vivo studies with rats demonstrated the induc-
tion of GTP cyclohydrolase I activity (42) and mRNA (31)
following lipopolysaccharide (LPS) treatment, as well as
the ability of DAHP (43) and N-acetyl serotonin (21) to
attenuate NO production. A study focusing on the heart of
LPS-treated rats confirmed that induction of GTP cyclohy-
drolase 1 and NO synthase also occurs in this tissue (44);
parallel induction is also seen in ventilatory and limb
muscles (45). Increases in plasma biopterin and nitrite plus
nitrate levels differ markedly between mammalian species
(e.g., between rat and rabbit (46)). In human primordial
placenta homogenates, Ca**-dependent NO synthesis can be
markedly stimulated by addition of tetrahydrobiopterin
(47). Finally, it is of interest that parallel synthesis of tet-
rahydrobiopterin and nitric oxide is not restricted to mam-
mals, but occurs also in lower eukaryotes (e.g. in the slime
mold Physarum polycephalum (48)).

Role of Tetrahydrobiopterin in the NO
Synthase Reaction

Since the initial findings of stimulation of NO synthase
activity by tetrahydrobiopterin (49-51) there has been a
lively debate about the role of tetrahydrobiopterin in the NO
synthase reaction. From the beginning it was evident that
tetrahydrobiopterin stimulation of NO synthase shows fea-
tures different from stimulation of phenylalanine hydroxy-
lase by tetrahydrobiopterin (52). Much lower (submicromo-
lar) concentrations of tetrahydrobiopterin are required by
NO synthase to yield half maximal stimulation. NO syn-
thase shows a much higher selectivity than phenylalanine
hydroxylase (53) for the 6R-L-erythro-1,2-dihydroxyl-
propyl side chain (i.e., the side chain occurring in the natural
tetrahydrobiopterin cofactor). Both functional (50) and ra-
dioligand binding data (54, 55) demonstrate that tetrahydro-
biopterin binds to NO synthase with much higher affinity
than other pterins. In NO synthase, the stoichiometry of the



formed product to added tetrahydrobiopterin is not 1:1 as in
phenylalanine hydroxylase but 10:1 (12, 56). No overall
reaction occurs in the absence of NADPH with added tet-
rahydrobiopterin, and a (variable) basal activity is observed
in the absence of added tetrahydrobiopterin due to tight
binding of the cofactor (12, 13). Since active NO synthase
dimers contain two heme groups that are essential for ca-
talysis (57), the question arises as to why tetrahydrobiop-
terin is needed in the NO synthase reaction (58). The pres-
ence of the heme together with FAD and FMN seems to
make the redox properties of tetrahydrobiopterin not neces-
sarily required to formulate a reaction mechanism. Indeed,
allosteric actions of tetrahydrobiopterin on NO synthase are
the most unambiguously defined roles of the cofactor
known at present. Tetrahydrobiopterin stabilizes the di-
meric, active state of the enzyme (56, 57, 59, 60). The
availability of heme appears to be the most critical param-
eter for correct assembly of the active dimer (61, 62) and
formation of a high-affinity binding site for tetrahydrobiop-
terin (63). The reported, tetrahydrobiopterin-triggered con-
version of the inactive low-spin to the active high-spin con-
formation of the enzyme (64-66) is caused by the action of
an equilibrium (14). The conversion of the low-spin to the
high-spin form also slowly occurs in the absence of tetra-
hydrobiopterin. Since tetrahydrobiopterin binds only to the
high-spin, but not to the low-spin state, addition of tetrahy-
drobiopterin shifts the equilibrium toward the high-spin
state. The nature of the conformational change in NO syn-
thase caused by tetrahydrobiopterin and its role in dimer-
ization have become clearer by a comparison of the crystal
structures of N-terminally truncated murine iNOS oxygen-
ase domains with (67) and without (68) tetrahydrobiopterin.
Upon binding of the pterin, drastic changes occur in the
structure causing mobile, hydrophobic residues that are ex-
posed in the monomer (68) to refold and contribute to for-
mation of a substrate channel and the pterin binding sites
(67). The dimer interface is composed of more than 85
residues per subunit (67), explaining the extraordinarily
high stability of NOS dimers (60). Refolding of nNOS and
iNOS upon binding of tetrahydrobiopterin restricts access of
ligands to the distal heme pocket, so that only very small
ligands like CO, NO, or O, can reach the heme (69).
Consistent with the role of tetrahydrobiopterin in sta-
bilization of the active conformation of the enzyme, over-
expressed NO synthase requires an adequate supply of tet-
rahydrobiopterin to become active (66, 70-74). Binding of
tetrahydrobiopterin to nNOS shows a positive cooperativity
with arginine, and arginine binding in turn is enhanced by
tetrahydrobiopterin (54). Consistent with this finding, an
altered K, of NOS for L-arginine has been observed in a
mouse strain with tetrahydrobiopterin deficiency (75). A
detailed comparison of tetrahydrobiopterin-containing and
tetrahydrobiopterin-free nNOS showed two identical highly
anticooperative binding sites for tetrahydrobiopterin (14).
In addition to these well-defined allosteric roles of tet-
rahydrobiopterin in NO synthases, a role for tetrahydrobi-

opterin as a redox-active cofactor has been researched. In
particular, it was tested whether or not a redox cycle similar
to that seen in phenylalanine hydroxylation occurs in NO
synthases (Fig. 2). Following hydroxylation of the substrate
phenylalanine, a 4a hydroxy pterin derivative is formed,
which after dehydratation by carbinolamine dehydratase to
quinonoid 6,7 [8H] dihydrobiopterin is then recycled by
dihydropteridine reductase to the active 5,6,7,8 tetrahydro
derivative. Rat nNOS did not show a dihydropteridine re-
ductase activity in a first investigation (56). Only when
quinonoid 6,7 [8H] dihydrobiopterin was added in much
higher concentrations than required for maximal stimulation
of the overall NO synthase reaction, was a reduction of
quinonoid 6,7[8H] dihydrobiopterin observed at a rate com-
parable to product formation (76). Using high concentra-
tions of enzyme, minor amounts of N-hydroxyarginine, an
intermediate of the NO synthase reaction (77), are formed in
the absence of NADPH in dependence of added tetrahydro-
biopterin (78). A comparison of the action of 6-methy] tet-
rahydropterin and its 5 deaza analog, which cannot undergo
the redox cycle outlined in Figure 2, also indicated that
redox chemistry might be involved. Although 6-methyl tet-
rahydropterin is only a poor stimulator of iNOS, a clear
difference from the 5-deaza compound was observed, which
even inhibited the small stimulatory effect of 6-methy! tet-
rahydropterin (54). However, it is not clear to what extent
these two compounds support the allosteric action of tetra-
hydrobiopterin on NO synthases described above. Support
of a redox contribution by the pterin comes from investiga-
tions using the 4-amino analog of tetrahydrobiopterin. This
compound is an inhibitor of dihydropteridine reductase,
and, unlike methotrexate, strongly binds to NO synthase.
This binding inhibits stimulation of NO synthase by tetra-
hydrobiopterin with high efficiency (55). Since the 4-amino
analog of tetrahydrobiopterin also exerts the allosteric ac-
tions on NO synthase in a manner comparable to tetrahy-
drobiopterin (15, 79), it seems clear that the allosteric ac-
tions of tetrahydrobiopterin on NO synthase cannot fully
explain its stimulating role in the reaction. A similar con-
clusion can be drawn from a comparison of several di- and
tetrahydropterins on features of the NO synthase thought to
require pterin (80). Whereas NO synthesis and the ability to
increase heme-dependent NADPH oxidation was supported
only by tetra-, but not by dihydropterins, other features such
as subunit assembly into a dimer were also promoted by
dihydropterins (80). In the crystal structure of a truncated
iNOS oxygenase domain, tetrahydrobiopterin is located at
some distance to the guanidino group of L-arginine and
close to the heme. This renders a role in direct hydroxyl-
ation of the substrate unlikely and indicates the possibility
of electronic influences on the heme-oxygen complex (67).
Indeed, tetrahydrobiopterin accelerated the decay of ferrous
oxygen complex of the nNOS oxygenase domain by a factor
of 70, whereas L-arginine stabilized this complex (81).
Studies of the reaction of nNOS with oxygen at low tem-
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Figure 2. Recycling of tetrahydropteridines during stimulation of the phenylalanine hydroxylase reaction.

peratures suggested that tetrahydrobiopterin plays a role in
reductive activation of the oxy-ferrous complex (82).
Tetrahydrobiopterin has been shown to attenuate the
inhibition of NO synthase by its product, NO (83). This
effect is most likely due to a removal of NO by reaction
with superoxide formed in the course of the autooxidation
of tetrahydrobiopterin (84). In addition, allosteric actions of
tetrahydrobiopterin on the iNOS oxygenase domain desta-
bilize the heme-NO complex (85), an effect that may also
contribute to preventing NO synthase autoinactivation.

Mutational Studies to Localize a
Tetrahydrobiopterin Binding Module in
NO Synthases

Site-directed mutagenesis, deletion of parts of the pro-
tein and expression of parts of the protein (‘‘modules’’), has
been used to localize residues important for tetrahydrobiop-
terin binding (Table III). Analysis of partially purified NO
synthase for tetrahydrobiopterin content by HPLC (86, 87),
binding of *H-labeled tetrahydrobiopterin (88), or influence
of tetrahydrobiopterin on binding of radiolabeled N°-nitro-
L-arginine were used to check for tetrahydrobiopterin inter-
action with NOS. Mutations G450A and A4531 in murine
INOS abolished binding of tetrahydrobiopterin (86). Muta-
tion of the corresponding residues in bovine eNOS (G442A,
A4451) severely inhibited dimer formation of eNOS as
shown with the yeast two-hybrid system (89). However, this
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dimerization is not dependent on tetrahydrobiopterin, indi-
cating that not only the tetrahydrobiopterin binding site may
be altered but the whole structure of the protein. The re-
cently published crystal structure of truncated iNOS oxy-
genase domain with bound pterin (67) nicely demonstrates
how the two regions in the enzyme indicated to be important
for pterin binding by the mutagenesis studies (Table III)
interact with the pterin. It is bound by residues 108-114
{(N-terminal binding domain) of one subunit and the so-
called ‘‘helical lariat’’ (residues 453—-476) of the other sub-
unit (67), where the previously identified homology to other
pterin-dependent enzymes is located (86).

Influence of Tetrahydropterins on
Endothelial Function

Since tetrahydrobiopterin had been demonstrated to
support NO synthesis in intact cells, investigations have
been carried out to test the effects of tetrahydrobiopterin on
endothelial function in isolated arteries as well as in animals
and humans. Van Amsterdam and Wemer (90) first dem-
onstrated a vasodilatation mediated by tetrahydrobiopterin
in precontracted rat aortae, that were antagonized by NOS
inhibition. Similarly, sepiapterin, which is converted to tet-
rahydrobiopterin by the action of sepiapterin reductase and
dihydrofolate reductase, caused dilatation of canine cerebral
arteries. This vasodilatation was only seen in the presence of
intact endothelium and was almost abolished by the use of



Table lll. Effect of Mutations of NOS Isoforms on Tetrahydrobiopterin Effects to NOS?

Position
Residue/mutation Relevant for H,biopterin binding References
nNOS iNOS eNOS
deletion 1-58(hu) no (153)
deletion 1-65(mu) no (88)
Cys — Ala 99(hu) yes (154)
Cys - Ala 109(mu) yes (88)
deletion 1-114(mu) yes (88)
deletion 1-117(mu) yes (88)
Cys - Ala 200(hu) yes (153)
Cys — Ala 217(hu) no (153)
Cys — Ala 228(hu) no (153)
Cys — Ala 290(hu) no (153)
Cys — Ala 384(hu) no (153)
Ala = lle 447(mu) no (86)
Gly — Ala 450(mu) yes (86)
Cys — Ala 451(mu) no (86)
Cys > Ala 457(hu) no (153)
Pro — Ala 452(mu) no (86)
Ala = lle 453(mu) yes (86)
Pro — Ala 461(mu) no (86)

@ Abbreviations: H,biopterin, 6R-5,6,7,8-tetrahydro-L-erythro-biopterin; hu, human; mu, murine.

Ca*-free medium (91). Analogous observations were made
using tetrahydrobiopterin in mouse pial arterioles (92), and
with sepiapterin and 6-methy! tetrahydropterin in pig arte-
rioles after ischemia/reperfusion injury (93). When canine
arteries were treated with DAHP to deplete tetrahydrobiop-
terin, Ca®>* agonist—mediated dilatations, which are inhibited
by NOS inhibitors, became catalase sensitive (94). Catalase
had no effect both on dilatations of vessels in the absence of
DAHP and on arteries treated with DAHP plus 6-methyl
tetrahydropterin (94). Cosentino and Katusic (94) inter-
preted their finding as formation of hydrogen peroxide by
pterin-deficient NOS. Tetrahydrobiopterin-deficient nNOS
had previously been shown to produce hydrogen peroxide
even in the presence of saturating levels of arginine due to
the uncoupled reduction of oxygen by NADPH (95). How-
ever, in contrast to nNOS, recombinant G2A eNOS did not
show a comparable increase in uncoupled NADPH oxida-
tton when tetrahydrobiopterin was omitted (96). These find-
ings are in contrast to results presented by Wever et al. (97),
who measured eNOS-catalyzed superoxide formation by lu-
cigenin-enhanced chemiluminescence. This discrepancy is
explained by the fact that reduction of lucigenin by
NADPH-dependent reductases (including eNOS) results in
an artificial generation of superoxide due to reduction of
molecular oxygen by the reduced lucigenin species thus
formed (98, 99). Therefore, lucigenin cannot be used as a
probe to detect superoxide production in eNOS or other
biological systems.

6-Methyl tetrahydropterin is only a poor cofactor of
NOS, and a more than 100-fold higher concentration of this
compound as compared to the natural cofactor tetrahydro-
biopterin is required to restore DAHP-inhibited cGMP re-
sponse to Ca®* ionophore in cultured porcine endothelial
cells (K. Schmidt, personal communication). Nevertheless,

6-methy! tetrahydropterin is able to correct diabetes-
induced endothelial dysfunction in rats when added to iso-
lated aortic rings in high concentrations (100 wM). In hu-
mans, tetrahydrobiopterin restores endothelial function in
hypercholesterolemia while exhibiting little effect in con-
trols (100). These results have prompted the speculation that
diabetes or hypercholesterolemia is associated with tetrahy-
drobiopterin deficiency. Unfortunately, no experimental
evidence supporting this assumption has been presented
thus far.

Possible contributions of tetrahydrobiopterin action on
blood vessels are shown in Figure 3. Tetrahydrobiopterin
stimulates NO synthase, and, as has been observed with
nNOS but only to a much smaller extent with eNOS, re-
duces uncoupled formation of superoxide and hydrogen per-
oxide by the enzyme. In addition, tetrahydrobiopterin
chemically reduces oxygen to superoxide, which rapidly
reacts with NO to form peroxynitrite. Therefore, pure nNOS
forms peroxynitrite rather than nitric oxide unless incubated
in the presence of high amounts of superoxide dismutase
(84). Superoxide on its own is a vasoconstrictor (101). On
the other hand, hydrogen peroxide formed from superoxide
by superoxide dismutase, causes dilatations. Intriguingly,
these dilatations by hydrogen peroxide in turn appear to be
mediated by NO (102). And, finally, tetrahydrobiopterin
was shown to act on N-type Ca®* channels independently of
its NOS stimulatory capacity, as has been shown by inves-
tigations into the mechanism of dopamine release in the
brain, a process caused by tetrahydrobiopterin (103).
Whether or not a similar mechanism is operative in blood
vessels has yet to be investigated.

Which of the contributions shown in Figure 3 mediates
pterin-dependent vasodilations, or pterin-dependent correc-
tions of endothelial dysfunction irn vive? This cannot be
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Figure 3. Possible enzymatic and nonenzymatic reactions of added tetrahydrobiopterin leading to vasodilatation or vasoconstriction.

decided unequivocally by the studies performed thus far. A
study comparing the dose-response of the natural cofactor,
tetrahydrobiopterin, with a compound of similar chemical
properties but much lower affinity to NO synthase, could
decide between the enzymatic and chemical effects shown
in Figure 3. The reported effects of 6-methyl tetrahydrop-
terin, a poor stimulator of NO synthase, might point to a
considerable contribution of chemical effects. On the other
hand, these poor stimulatory properties might be counter-
acted by favorable pharmacokinetic properties, rendering
the concentrations reached in vivo to be high enough to
exert direct effects on NO synthase. Another difficulty with
the current interpretations published is the very low amount
of uncoupled NADPH reduction by recombinant eNOS (in
contrast to nNOS) when tetrahydrobiopterin is omitted from
the reaction mixture (96). In the recombinant eNOS and
nNOS enzymes, N®-methyl-L-arginine has almost no effect
on uncoupled NADPH oxidation, whereas N€-nitro-L-
arginine is a potent inhibitor (96). In arteries from sponta-
neously hypertensive rats, however, N®-methyl-L-arginine
was much more efficient in inhibiting superoxide release
than N-nitro-L-arginine methyl ester (104). These discrep-
ancies suggest that the effects observed in tissues cannot be
explained directly by data obtained from experiments with
purified NOS enzymes. Intriguingly, reduced compounds
other than tetrahydrobiopterin like N5-methy! tetrahydrofo-
late (105) or ascorbate (106) are also able to correct im-
paired endothelial function, and this effect could be inhib-
ited by N®-methyl-L-arginine as well (106). Thus, the
mechanisms accounting for the effects of tetrahydrobiop-

178 TETRAHYDROBIOPTERIN AND NITRIC OXIDE

terin observed in humans in vivo and in animal models
might be much more complicated than discussed thus far.
The action of different preparations of low-density lipopro-
teins on NOS-mediated generation of superoxide in endo-
thelial cells (107) may serve as an example of this com-
plexity. It will be interesting to learn whether or not the
effects of tetrahydrobiopterin depletion and replenishment
are connected to these actions of low-density lipoproteins.
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