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INTRODUCTION 

In 1955-1956, two lines of research with apparently nothing in common 
culminated in the independent discovery of biopterin. The starting point for 
one of these studies was the observation that maximum growth of an obscure 
protozoan, Crithidia Jasiculata, in a chemically defined medium required 
exceptionally high concentrations of folic acid (9) . In 1955, this growth­
promoting substance was isolated from 4000 liters of human urine and 
characterized as 2-amino-4-hydroxy-6-(1,2-dihydroxypropyl) pteridine (83, 
84). These workers suggested that this unconjugated pteridine be called 
"biopterin." All that remained to be determined about the structure of 

*The us government has the right to retain a nonexclusive, royalty-free license in and to any 
copyright covering this paper. 
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262 KAUFMAN 

biopterin was its optical configuration. Chemical synthesis established that 
the Crithidia factor is 2-amino-4-hydroxy-6-[1,2-dihydroxypropyl (L­
erythro)] pteridine (85). In addition to biopterin, the structurally related 
unconjugated pterin neopterin (6-trihydroxypropylpterin), a derivative of the 
biological precursor of tetrahydrobiopterin (BH4), can also support the 
growth of Crithidia Jasiculata. 

The other line of research that led to the independent discovery of biopterin 
originated with structural studies of the eye color pigments in Drosophila 

melanogaster. During the course of these studies, Forrest & Mitchell isolated 
several pteridines including a blue f luorescent compound that they character­
ized as biopterin (22). 

These early investigations established one role for biopterin-that of 
pigment-and, based on the finding that it is essential for the growth of 
Crithidia Jasiculata, hinted at others. A clue to what these other roles might 
be, at least for this organism, was provided by the observation that certain 
pyrimidines such as uracil and cytosine and some unsaturated fatty acids such 
as a mixture of oleic and linoleic acid can spare the growth requirement of 
Crithidia Jasiculata for an unconjugated pteridine (52). These findings 
suggested that an unconjugated pteridine like biopterin might be essential for 
the synthesis of certain pyrimidines and unsaturated fatty acids, but this 
possibility was never fully realized. Thus, although preliminary evidence 
indicated that in Crithidia Jasiculata the conversion of dihydroorotic acid to 
orotic acid involves a tetrahydropterin-dependent hydroxylation of the dihydro 
compound and subsequent dehydration of the hydroxylated product to orotic 
acid (53), this pathway appears to be unique for Crithidia Jasiculata: In all 
other organisms, the conversion of dihydroorotic acid to orotic  acid is 
catalyzed by an NAD-dependent, iron-containing flavoprotein (for literature 
citations, see 53). As for the possibility that BH4 might be essential for the 
desaturation of long-chain fatty acids by a sequence of hydroxylation-dehy­
dration reactions, no evidence supports such a role for this pterin. 

ROLE OF BH4 AS THE COENZYME FOR THE 
AROMATIC AMINO ACID HYDROXYLASES 

The first metabolic role for BH4 was established when it was shown that the 
enzymatic conversion of phenylalanine to tyrosine catalyzed by the multi-en­
zyme hepatic phenylalanine hydroxylating system is completely dependent on 
a new coenzyme isolated from rat liver extracts. In 1963, structural studies 
carried out on the naturally occurring hydroxylation coenzyme that had been 
isolated from rat liver proved that it is tetrahydrobiopterin, 2-amino-4-hydroxy-
6-[1 ,2-dihydroxY(L-erythro)]-5,6, 7 ,8-tetrahydropteridine, whose structure is 
shown in Figure I (40). Several synthetic unconjugated pteridines like 
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Figure 1 Structure of tetrahydrobiopterin (BH4) . 

2-amino-4-hydroxy-6-methyltetrahydropteridine (6MPR4) were also shown to 
be active in the system (38, 48). 

In addition to the tetrahydropterin coenzyme ("pterin" is the trivial name 
for a 2-amino-4-hydroxy-pteridine) , the phenylalanine hydroxylating system 
was shown to consist of three enzymes. The role of each component of the 
system is illustrated in Figure 2 with 6MPH4 as the coenzyme. Phenylalanine 
hydroxylase (PAR) catalyzes a coupled reaction in which phenylalanine is 
oxidized to tyrosine and the tetrahydropterin is oxidized to the corresponding 
4a-hydroxytetrahydropterin; molecular oxygen, which is the source of the 
oxygen in the newly synthesized tyrosine, is normally reduced to water. At  
neutral pH, the 4a-hydroxytetrahydropterin product is unstable and breaks 
down rapidly to the quinonoid dihydropterin derivative; this reaction is also 
catalyzed by an enzyme that originally was called PAR-stimulating protein 
(abbreviated "PHS") (42) and later was shown to be a dehydratase (31, 43, 
58) . The cycle is completed by the action of the third enzyme, dihydropteridine 
reductase (DH PR) , which catalyzes the reduction of the quinonoid 
dihydropterin to the tetrahydropterin. NADH is the preferred electron donor 
in vitro. This last reaction allows the pterin coenzyme to function catalytically 
in the hydroxylating system (47). 

The elucidation of the roles of the individual components in the phenylal­
anine hydroxylating system facilitated subsequent studies showing that BH 4 
and DHPR function in the same way in the tyrosine and tryptophan 
hydroxylating systems (reviewed in 47). Since the end products of these 
hydroxylase-catalyzed reactions are the tyrosine-derived neurotransmitters, 
dopamine and norepinephrine, and the tryptophan-derived neurotransmitter 

serotonin, these studies indicated that BH 4 and DH PR, are essential for normal 
brain development and functioning. BH 4 was also shown to be the essential 
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Figure 2 The enzymatic conversion of phenylalanine to tyrosine catalyzed by the multi­
component phenylalanine hydroxylase system. 

coenzyme in the system that catalyzes the oxidative cleavage of glyceryl ethers 
(49, 103). 

PHENYLKETONURIA AND ITS VARIANTS 

Before discussing new roles for BH4, it is worth noting that progress in our 
understanding of the biochemistry of the B& -dependent aromatic amino acid 
hydroxylating systems led to parallel progress in our understanding of aspects 
of phenylketonuria (PKU), a genetic disease known to be caused by a defcct 
in the hydroxylation of phenylalanine (21, 33). The demonstration that the 
phenylalanine hydroxylating system consists of three essential components 
led to the prediction of three distinct forms of PKU, each caused by the lack 
of one of the essential components (41). After PAH had been identified as 
the missing component in the most common form of this disease, called 
"classical" PKU (37), researchers described several variant forms of PKU that 
were caused by a lack of either DHPR or BH 4 ;  the latter condition is a 
consequence of a deficiency of one of the enzymes involved in the de novo 
synthesis of BH4 from GTP [for review, see (45, 94)]. 

Note that observations made on patients who are deficient in BH 4 ,  either 
because they cannot synthesize it or regenerate it (owing to a lack of DHPR), 
are relevant to a discussion of new roles for BH4 because it is reasonable to 
expect that the BH 4 deficiency in these patients underlies most of their 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NEW ROLES FOR TETRAHYDROBIOPTERIN 265 

pathological signs. So far, however, clinical experience with these variants, 
including the more-or-Iess successful outcome of replacement therapy with 
BH4 or the products of the affected tyrosine hydroxylase- and tryptophan 
hydroxylase-catalyzed reactions (i.e. 3,4-dihydroxyphenylalanine and 5-
hydroxy tryptophan) or a combination (reviewed in 45, 94), has not provided 
useful clues to new roles for BH4. Some reasons for the failure to realize this 
expectation have been discussed (46); others are considered below. 

The original prediction that three variant forms of PKU might exist, each 
caused by the lack of one of the three essential components of the PAH system, 
was made before the role of the dehydratase in the system had been elucidated. 
Because the reaction catalyzed by this enzyme occurs rapidly nonenzymati­
cally under physiological conditions (43), it was predicted that a complete 
lack of the dehydratase, unlike the lack of any of the other three essential 
components, would probably lead to only a partial defect in phenylalanine 
mctabolism and, hence, to only mild hypcrphenylalaninemia (HPA) (44). 

Recent evidence is coherent with this view. Several patients with mild HPA 
appear to be distinct from any that have been described previously. Their 
distinguishing feature is the excretion of abnormally high amounts of 
7-biopterin, an isomer of biopterin with the dihydroxypropyl substituent in 
the 7, rather than in the 6, position of the pterin ring (6, 11, 18). 

Feeding BH4 to these patients led to the parallel increase in the excretion 
of both biopterin and 7-biopterin, suggesting that the 7-isomer is derived from 
BH4 (12). The possibility that the patients who excrete 7-biopterin might be 
deficient in the dehydratase was raised by the results of in vitro experiments. 
These experiments demonstrated that in the absence of the dehydratase the 
initial pterin product of the PAH-catalyzed hydroxylation of phenylalanine, 
4a-hydroxytetrahydrobiopterin, not only breaks down to its major product, 
quinonoid dihydrobiopterin, as shown in Figure 2, but also rearranges to give 
rise to small amounts of 7-biopterin, which is probably derived from the 
corresponding 7-quinonoid dihydrobiopterin. Furthermore, addition of the 
dehydratase markedly decreased the amount of 7-biopterin found (15). 
Qualitatively similar results were reported by Curtius et al 1990 (10). These 
in vitro findings suggest a possible link between excretion of 7-biopterin and 
a deficiency of the dehydratase, but the validity of this suggestion must await 
the proof that these patients actually lack the dehydratase. 

The cause of the mild HPA in patients who excrete 7 -biopterin has not been 
established. In this regard, it has been observed that 7-BH4 is utilized 
inefficiently by pure rat liver PAH. Most of the 7-BH4 is oxidized non­
productively in a reaction in which oxidation of the tetrahydropterin is largely 
uncoupled from hydroxylation of the amino acid (13). Additionally, in the 
presence of high concentrations of phenylalanine, 7-BH4 is a potent inhibitor 
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266 KAUFMAN 

of PAH (16). Either or both of these effects of 7-BH4 on PAH could account 
for the impaired hydroxylation of phenylalanine and the consequent HPA seen 

in patients who excrete 7 -biopterin. 

BH4 AND CELL PROLIFERATION 

The earliest indication that BH4 has metabolic roles in addition to that of 
coenzyme for the aromatic amino acid hydroxy lases came from the observa­
tion, mentioned earlier, that biopterin or a structurally related unconjugated 
pterin like neopterin, is essential for the growth of Crithidia Jasiculata. This 
dependence, together with the finding that this organism has an absolute 
requirement for tyrosine (9), and therefore cannot synthesize it, and is also 
unlikely to synthesize the tyrosine hydroxylase- and tryptophan hydroxylase­
derived neurotransmitters, provided strong, albeit indirect, evidence for other 
roles for BH4. 

That BH4 might also have other roles in higher organisms was indicated by 
the finding that the pterin is present in cells and tissues such as blood, spleen, 
and lung, which have negligible amounts of the aromatic amino acid 
hydroxylases (24). 

Some insight into how biopterin may function in the physiology and 
development of red blood cells came from the observation that cellular levels 
of biopterin increase in proliferating hemopoietic cells during bone marrow 
transplantation in beagle dogs (118). An essential connection between 
biopterin synthesis and hemopoietic cell proliferation was proposed. 

Also pointing in the same direction was the finding that both the content 
of total biopterin and the levels of GTP cyclohydrolase, the enzyme that 
catalyzes the first step in the de novo synthesis of BH4 (See Figure 3), are 
strikingly higher in young rat erythrocytes, than in older erythrocytes (101). 
These results suggested that BH4 levels in reticulocytes, the precursors of 
erythrocytes, might be high. This possibility was examined in rats treated 
with phenylhydrazine to stimulate the production of erythrocyte precursor 
cells. The biopterin concentration and the levels of GTP cyclohydrolase were 
found to be 17 .5-fold and 23-fold higher, respectively, in hemolysates prepared 
from phenylhydrazine-treated rats (reticulocyte content more than 80% of total 
erythrocytes) than in comparable preparations from control rats ( 1-2% 
reticulocytes) (101). Very similar results were obtained with phenylhydrazine­
treated mice (50). 

The possibility raised by these results, i.e. that BH4 may regulate the 
proliferation of erythroid cells, was examined in greater detail in murine 
erythroleukemia (MEL) cells as a model for erythrogenesis . In culture, these 
cells have a very low level of spontaneous erythroid differentiation. Treatment 
with certain agents, such as hexamethylene bisacetamide (HMBA), leads to 
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Figure 3 Proposed scheme for the biosynthesis of tetrahydrobiopterin from guanosine 
triphosphate (GTP). 

The intermediates on the de novo pathway are underlined. The scheme shows two alternate 
routes for the conversion of 6-pyruvoyltetrahydropterin to BH4. One involves the successive 
reductions of this diketo intermediate; each reduction is catalyzed by sepiapterin reductase 
(reactions 3 and 5). The other pathway, first demonstrated in brain tissue (68, 69), proceeds with 
the reduction of the 2' -oxo group of the diketo intermediate, catalyzed by an aldose reductase 
(reaction 4) to form the l' -oxo-2' -hydroxy intermediate (also called 6-1actoyltetrahydropterin) and 
followed by reduction of the I' oxo group, also catalyzed by sepiapterin reductase. The sepiapterin 
shown in the scheme is probably formed during the nonenzymatic oxidation of 
6-1actoyltetrahydropterin. Conversion of sepiapterin to BH4 through the successive actions of 
sepiapterin reductase and dihydrofolate reductase (reactions 8 and 9) constitutes the so-called 
salvage pathway for the synthesis of BH4 (7 1 ). 

The key reactions are catalyzed by the following enzymes: reaction I, GTP cycJohydrolase; 
reaction 2, 6-pyruvoyltctrahydropterin synthase; reactions 3, 5, 6, 8, sepiapterin reductase; 
reaction 4, 6-pyruvoyltetrahydropterin-(2' -oxo)-reductase, an aldose reductase (69); reaction 9, 
dihydrofolate reductase. The abbreviations used are DAHP, 2,4-diamino-6-hydroxypyrimidine, 
an inhibitor of GTP cycJohydrolase; NAS, N-acetylserotonin, an inhibitor of sepiapterin reductase; 
MTX, methotrexate, an inhibitor of dihydrofolate reductase. 

induction of differentiation culminating in terminal cell divisions and hemo­
globin synthesis (62). 

During a 96-hr period of exposure of MEL cells to HMBA, a progressive 
decrease in the initially high levels of BH4 and GTP cyclohydrolase was 

accompanied by a marked increase in hemoglobin content that was detectable 
after 72 hr of exposure to the inducing agent (101). Cellular content of BH4 
was decreased by inhibition of its synthesis. This was accomplished by 
treatment of the cells with N-acetylserotonin (NAS), an inhibitor of sepiapterin 
reductase, which is the terminal enzyme in the BH4 biosynthetic pathway (See 
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Figure 3). This treatment inhibited proliferation of the cells, as measured by 
a decrease in DNA synthesis. Although inhibition of proliferation of MEL 
cells is usually accompanied by differentiation, the decreased DNA synthesis 
and cell proliferation resulting from inhibition of BH4 synthesis did not lead 
to an increase in differentiation as measured by the appearance of hemoglo­
bin-positive cells. Inhibition of proliferation caused by treatment of the MEL 
cells with NAS was not due to an irreversible toxic effect of NAS on the cells, 
since repletion of the BH4 content of the NAS-treated cells, by treatment with 
the BH4 precursor sepiapterin, completely restored DNA synthesis (101). 
Indeed, increasing the BH4 content of MEL cells that had not been treated 
with NAS increased DNA synthesis above control values (101). 

Similar results were reported in a subclone of MEL cells (F4N); addition 
of either BH4 or its precursor, sepiapterin, significantly increased DNA 
synthesis (51). In this subclone, in contrast to the MEL cells, only trace 
amounts of biopterin and GTP cyclohydrolase are present and induction (with 
dimethyl sulfoxide) significantly increased their levels (51). 

These results indicate that BH4 plays a role in proliferation and differenti­
ation of murine erythroid cells. The observation that inhibition of cell 
proliferation by depletion of BH4 does not culminate in hemoglobin synthesis 
suggests that the presence of BH4 may enable MEL cells to enter the erythroid 
program that commits them to a terminal differentiation. 

How BH4 regulates the growth of these cells has not been elucidated. One 
possibility is based on the finding that biopterin and BH4 inhibit the guanine: 
queuine tRNA transglycosylase from rabbit reticulocytes (20). This enzyme 
is responsible for the synthesis of the modified tRNA species in which the 
hypermodified base queuine is substituted for guanine. Evidence suggests that 
the ratio of tRNA queuine (tRNAQ) to tRNA guanine (tRNAa) decreases in 
tumor tissues during cell transformation (73, 76) and that the ratio also changes 
during erythroid differentiation of MEL cells. In one study, a continual 
decrease in tRNAa was observed during differentiation (95), whereas Lin et 
al (60) found an initial increase in tRNAa followed by a decrease. 

Recently, the relationship between changes in cellular content of BH4 and 
those of tRNAa was studied during the course of tetramethylurea-induced 
differentiation of MEL cells (82). Changes in levels of BH4 and tRNAa 
followed similar patterns: An initial increase after the first 12 to 24 h was 
followed by a decrease, i .e .  levels of tRNAa were high when BH4 levels were 
high and these levels decreased when BH4 levels were decreasing. Such a 
temporal relationship would not be expected if BH4 was acting to inhibit the 
incorporation of guanine into tRNA in the MEL cells. While these results are 
of interest, the possibility that the BH4 regulation of proliferation of erythroid 
cells is. mediated by changes in the ratio of tRNAQ to tRNAG remains to be 
established. 
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These results with erythroid cells raised the possibility that BH4 might be 
a general regulator of cell proliferation. Preliminary results indicate that BH4 
may also regulate proliferation of cultured neonatal rat brain astrocytes (70). 
On the other hand, attempts to demonstrate a similar role for BH4 in 
proliferation of hamster ovary cells were negative (S. Milstien & K. Tanaka, 
unpublished results). Thus , it is unlikely that BH4 is involved in the regulation 
of the growth of all cells. 

The role of BH4 in the proliferation of erythrocyte precursor cells is 
complex. Not only is there strong evidence, reviewed above, supporting the 
conclusion that BH4 is necessary for the growth of these cells, but, in addition, 
there are indications of a reciprocal relationship, i.e. the rate of de novo 
synthesis of BH4 is high during periods of rapid proliferation of the cells. 

BH4 AND CELL-MEDIATED IMMUNITY 

Our understanding of this kind of reciprocal relationship has been advanced 
by studies of the relationship between pterin metabolism and activation of the 
immune system. 

Some of the earliest evidence for such a connection came from reports that 
urinary levels of pterins such as neopterin (deri ved from the BH4 precursor 
dihydroneopterin triphosphate (see Figure 3) (88, 105) and blood levels of 
BH4 (54) are elevated in cancer patients. This increase was not specifically 
related to malignancy, but rather was part of a much broader response , 
involving a variety of conditions associated with acti vation of the immune 
system. Reports indicated that urinary neopterin levels are also elevated in 
patients suffering from viral (105) and bacterial (23) infections, including 
acquired immune deficiency (AIDS) (1,104), as well as from such conditions 
as rheumatoid arthritis and systemic lupus erythematosus (26). Thus, increased 
urinary excretion of neopterin is a marker for acti vation of the cell-mediated 
immune system. 

These in vivo s tudies did not identify the cellular source of the elevated 
urinary neopterin. A subsequent in vitro study showed, upon stimulation with 
factors derived from activated T cells [activated by treatment with alloantigens 
or phytohemaglutinin (PHA)], that human monocytes and macrophages 
release neopterin into the cell culture medium and that interferon gamma 
(IFNI') is the most active stimulating factor. Researchers concluded that this 
cytokine is the mediator of the response, because monoclonal antibodies 
against IFNI' were able to completely block the increased neopterin release 
that was induced by activated T cells (32). Macrophages and their precursors, 
monocytes, therefore, are probably maj or sources of the elevated urinary 
excretion of neopterin that is associated with activation of the immune system. 

The mechanism for the IFN)'-induced increase in synthesis and release of 
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neopterin was the induction of GTP cyclohydrolase. Treatment of human 
macrophages with supernatants from mitrogen (PH A)-activated or alloantigen­
activated T cells or with recombinant IFN"{ resulted in a 10-20 fold increase 
in GTP cyclohydrolase activity. A comparable increase in the activity of the 
enzyme in the T cells, themselves, was noted after they had been activated. 
In T cells, the increase in GTP cyclohydrolase activity was accompanied by 
a modest (50-100%) increase in levels of neopterin and an increase of both 
biopterin and pterin (a breakdown product of BH4) (4, 14), neither of which 
was detectable in unactivated T cells. By contrast, in human macrophages the 
elevation in neopterin induced by either activated T cell supernatants or IFN"{ 
was not accompanied by any increase in either biopterin or pterin (92). 

These results with activated T cells agree with previous reports that 
activation of both murine and human T lymphocytes leads to large increases 
in the formation and release of pteridines, including biopterin (115, 116). It 
was also reported that BH4 and its biological precursors, 7,8-dihydrobiopterin 
and sepiapterin, are co-stimulators of concanavalin A-mediated lymphocyte 
proliferation, which perhaps affects the interaction of the lymphocytes with 
interleukin 2 (117, 119). These results suggest that in its effects on 
lymphocytes BH4 is part of an autocrine signaling process in which cells 
respond to substances that they themselves release . 

The finding that IFNI' induces in human macrophages a striking increase 
in neopterin, whereas biopterin remains at undetectable levels, was paradox­
ical because, in contrast to BH4, no physiological function has ever been 
ascribed to neopterin or its derivatives. I 

This selective effect of IFNI' on human macrophages is coherent with the 
observation that humans and nonhuman primates are peculiar because they 
have relatively large amounts of neopterin in their body f luids (19). Studies 
with macrophages from other species, as well as those with human cells other 
than macrophages, showed that the selective IFNI'-mediated increase iii. 
neopterin is unique to human macrophages. In mouse peritoneal macrophages 
stimulated with lipopolysaccharide and in a murine T cell line stimulated with 
interleukin-2, cell content of biopterin was increased twofold and four- to 
sevenfold, respectively, whereas neopterin was not detectable (93), i.e . this 

lRegarding possible biological activity of this pterin, note that it is potentially active as a 
hydroxylase coenzyme in vivo; however, no reports have suggested that its coenzyme activity is 
comparable to that of BH4. Thus, although the biosynthetic intermediate, dihydro-(D-erythro) ­
neopterin triphosphate, is not a substrate for DHFR, this enzyme does catalyze the reduction of 
the dephosphorylated compound, dihydroneopterin, to its tetrahydro form (74), a finding that has 
recently been confirmed (3) . Furthermore, it has been known since 1962 that tetrahydroneopterin 
has high coenzyme activity with rat liver PAH (39) . The maximum activity oftetrahydroneopterin, 
however, is only about one third that of BH4 (77). In the case of rat brain tryptophan hydroxylase, 
the relative activity of tetrahydroneopterin is even less favorable--only about 5% that of BH4 
(36). 
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pterin pattern is just the reverse of the one seen in stimulated human 
macrophages. 

A more detailed study of the effect of cytokines on murine macrophages, 
which was also extended to murine fibroblasts, showed that treatment of these 
cells with tumor necrosis factor (TNFa) alone increased intracellular biopterin 
2-fold (macrophages) to 13-fold (fibroblasts); treatment with IFN-y alone led 
to modest increases, and treatment with both led to greater increases than 
treatment with either factor alone (109). 

In human fibroblasts, in contrast to human macrophages, IFN-y increased 
the cell content of both neopterin and biopterin, with the levels of biopterin 
actually exceeding those of neopterin; activity of GTP cyclohydrolase in­
creased more than 10-fold (107). In this study, unlike an earlier one (93), 
treatment of human macrophages with IFN"I modestly increased their biopterin 
content, although the amount of neopterin contained in the treated cells was 
about gO-times greater than that of bioperin. 

The unique response to IFNI' treatment of human macrophages, leading to 
a selective increase in neopterin, has been traced to differences in the levels 
of the post-cyclase enzymes that are essential for BH4 synthesis, particularly 
6-pyruvoyltetrahydropterin synthase (Figure 3). Thus, in human macrophages, 
synthase activity is extremely low, and unlike GTP cyclohydrolase, is 
unaffected by IFN-y treatment. After this treatment, cyclohydrolase activity 
was about 40-times h igher than that of the synthase. Sepiapterin reductase, 
the terminal enzyme in the BH4 synthetic pathway, is constitutive and is in 
huge excess over the activities of the synthase and hydrolase (108) . The ability 
of IFN"I to induce GTP cyclohydrolase, together with the low-constitutive 
levels of the synthase and its lack of response to IFNI', account for the selective 
cytokine-mediated increase in neopterin in human macrophages. On the other 
hand, in murine macrophages as well as in nonmacrophage, cytokine-sensitive 
human cells that have been studied, the constitutive level of the synthase far 
exceeds even the elevated induced level of the hydrolase . In murine fibroblasts, 
for example, synthase activity is about 10 times higher than the maximally 
induced levels of cyclohydrolase; (l09). In this enzyme pattern, where the 
synthase, the enzyme utilizing the neopterin derivative and converting it to 
BH4, is in vast excess over the enzyme synthesizing it, the stimulation of the 
cyclohydrolase leads to a selective increase in biopterin rather than neopterin. 

A paradoxical question was raised by the results with human macrophages: 
What is the physiological sense of turning on the BH4 biosynthetic pathway 
only to have it almost completely short-circuited because of severely limiting 
amounts of the key enzyme in the pathway, 6-pyruvoyltetrahydropterin 
synthase? Although this question has not been answered, recent studies have 
uncovered possible functional connections between the immune response and 
increased synthesis of BH4. 
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The compass for this search was provided by the observation that IFN)' 
plays a key role in the process . This observation focused attention on 
BH4-dependent enzymes that are also induced by LFN)' and of which two are 
known: indoleamine-2,3-dioxygenase (IDO) and nitric oxide synthase (NOS). 

Studies with Indoleamine Dioxygenase 
There were several early indications that indoleamine dioxygenase, which in 
nonhepatic tissues catalyzes the superoxide ion-dependent, oxygenative ring 
cleavage of various indoleamine derivatives, may be involved in the immune 
response. In mammals, the enzyme catalyzes the first step in the major 
catabolic pathway of L-tryptophan in which the amino acid is converted to 
kynurenine via the formation of N-formyl kynurenine. The enzyme occurs in 
two entirely distinct forms, one in liver and one in many nonhepatic tissues. 
Activity of the extrahepatic enzyme in tissues such as lung and stomach was 
found to be markedly increased in mice under some pathological conditions 
e.g. after intraperitoneal injection of bacterial lipopolysaccharide, whereas the 
activity of the hepatic enzyme was decreased by this treatment (113). 
Subsequently, it was demonstrated that exposure of mouse lung slices to mouse 
IFN increased the activity of IDO 10- to IS-fold ( 1 14). Induction of IDO by 
LFN)' was also demonstrated in human peripheral blood monocytes (78). 

The mechanism by which IDO mediates some of the physiological effects 
of IFN)', such as its ability to fight viral and nonviral intracellular infections, 
was suggested by the finding that the effectiveness of this cytokine in 
suppressing the growth of an intracellular protozoan parasite in human 
fibroblasts was blocked by high levels of tryptophan in the culture medium. 
This observation and the finding that the IFN)'-treated fibroblasts could 
degrade this amino acid led to the suggestion that the increased degradation 
of tryptophan could limit growth of the organism either because tryptophan 
metabolites could be toxic to the parasite or because degradation of tryptophan 
could decrease the intracellular concentration of this commonly limiting amino 
acid (86). 

Studies of the antiproliferative effects of IFN)' on a variety of human 
neoplastic cell lines also support the conclusion that the antiproliferative, 
antitumor effect of the cytokine, like its effect on growth of intracellular 
parasites, is due to the IFN),-induction of IDO, with consequent starvation of 
the cells for tryptophan (79). 

The demonstration that, in certain cells, IFN"{ could induce both BH4 
synthesis and IDO appeared to make sense in light of the earlier report that 
BH4 and DMPH4 have cofactor activity with IDO purified from rabbit small 
intestine (72). The enzyme had previously been shown to require ascorbic 
acid and methylene blue for maximum activity. The dye was believed to be 
responsible for the generation of superoxide ion, which was known to 
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participate as a reactant in the reaction (30). The possibility that BH4 might 
be the preferred coenzyme was supported by the finding that the Km for BH4 
is lower (70 IJ.M) (72) than the Km for ascorbate (200 IJ.M) (30); the values 
for VrnaxlKm for the two potential coenzymes are similar (72). 

Subsequent studies with IDO purified from mouse epididymis, however, 

made it less likely that BH4 might function as the physiological coenzyme 
with this enzyme. Reduced f lavin mononucleotide at 0.005 mM (with an 
FMNH2 regenerating system) supports reaction rates that are about 40-fold 
higher than reaction rates in which 0.1 mM BH4 is in the presence of its 
regenerating system, i.e. DHPR and NADPH (80). These in vitro data 
indicated that reduced f lavin mononucleotide is, in all probability, the 
physiological coenzyme for IDO, at least for this tissue. 

Despite these in vitro results, the notion that BH4 may function in vivo as 
the coenzyme for IDO continues to be put forward. Recently, apparent support 
for this possibility was provided by the finding that both IDO and BH4 
synthesis (as measured by GTP cyclohydrolase activities and intracellular 
concentrations of neopterin and biopterin) are induced together by IFN"{ in 
six human cancer cell lines, as well as in human fibroblasts and macrophages 
( 107). As mentioned above, the level of BH4 attained in macrophages was 
very low, equal to only 1 -2% that of neopterin. Also suggestive of a possible 
functional link between IDO and pterin synthesis was the finding in macro­
phages that at a fixed dose of IFN')', both IDO activity (measured by 
kynurenine formation) and pterin biosynthesis (measured by neopterin forma­
tion) were increased in parallel fashion by increases in L-tryptophan in the 
culture medium. In this study, the cofactor activity of BH4 with IDO, originally 
reported with the enzyme from rabbit intestine (72), was also demonstrated 
with crude extracts of an IFN')'-treated human bladder carcinoma cell line. 
This study confirmed the observation that BH4 showed little activity in the 
absence of methylene blue. The relative activities of BH4 and ascorbate were 
essentially the same as in the earlier study. By contrast, the coenzyme activity 
of reduced flavin mononucleotide reported with IDO from mouse epididymis 
(80) could not be replicated with the enzyme from the human bladder 
carcinoma cells ( 1 07). 

Despite the parallel induction by IFN"{ of BH4 biosynthesis and IDO activity 
in a variety of human cell lines ( 107) and the reported coenzyme activity of 
BH4 with IDO in vitro (72, 107), the evidence does not strongly support the 
notion that, when the immune system is activated, BH4 synthesis is turned on 
because BH4 is the physiological coenzyme for IDO. In particular, the 
near-absolute dependence of the coenzyme activity of BH4 on the presence 
of methylene blue, and the finding that, at least in one tissue, FMNH2 is far 
more active than BH4 (78), weaken support for the postulated connection. 

Indeed, recent evidence has seriously undermined the IFN-IDO-BH4 
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postulate. Treatment of human macrophages with IFN"{ led to the expected 
increase in formation of kynurenine and neopterin, but treatment of the cells 
with 2,4-diamino-6-hydroxypyrimidine (DAHP), an inhibitor of the BH4 
biosynthetic pathway that completely prevented the IFN"{-mediated increase 
in neopterin, had no effect on the amount of kynurenine formed. Similar 
results were obtained with DAHP-treated human fibroblasts (N. Sakai, K. 
Saito, M. P. Heyes, et aI, unpublished results) 

In fibroblasts devoid of BH4 that were obtained from patients who are 
deficient in 6-pyruvoyltetrahydropterin synthase, treatment with cytokines still 
leads to induction of IDO, as measured by kynurenine formation (N. Sakai, 
K. Saito, M. P. Heyes, et aI, unpublished results). These results, which show 
that increased IDO activity can be expressed even in the absence of detectable 
amounts of BH4, provide persuasive evidence against the proposal that BH4, 
is the physiological cofactor for IDO. 

Studies with Nitric Oxide Synthase 
The other candidate enzyme that could be the link between activation of the 
immune system and the BH4 biosynthetic pathway is nitric oxide synthase 
(NOS). This enzyme catalyzes the NADPH-dependent conversion of L-argi­
nine to L-citrulline and nitric oxide (-NO). The enzyme is classified as an 
oxygenase or mixed function oxidase, since molecular oxygen, rather than 
water, is the source of the ureido oxygen in citrulline (56). 

-NO, a highly reactive radical, has been shown to be a mediator in a 
bewildering array of biological processes. Not only has it been identified as 
the endothelium-derived relaxing factor, which is active as a smooth muscle 
relaxant, but it also acts as a neurotransmitter, prevents platelet aggregation, 
and, as part of the cell-mediated immune response, destroys or halts the growth 
of some tumor and bacterial cells (reviewed in 61, 63). 

The synthase occurs in two distinct forms with different properties: a 
constitutive form, present in tissues like cerebellum, endothelial cells, and 
platelets, and a cytokine-inducible form, present in cells like macrophages 
and hepatocytes (97). 

Inducible cytosolic NOS, partially purified from a murine macrophage cell 
line after stimulation of the cells by treatment with interferon "{ and E. coli 
lipopolysaccharide, was shown to be absolutely dependent on L-arginine and 
on NADPH and to be partially dependent (two- to threefold stimulation) on 
BH4 (57, 102), FAD, and a thiol such as glutathione (98). 

The constitutive enzyme from rat cerebellum, like the inducible macrophage 
enzyme, also requires L-arginine and NADPH, but unlike the former enzyme, 
it is also dependent on exogenous ci+ and calmodulin (7). Like the 
macrophage enzyme, NOS from brains of various species, including rat (25, 
91), porcine (67), and human (90), is stimulated by BH4. 
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Both the constitutive and macrophage enzymes are homodimers, composed 
of identical subunits, Mr = 279,000 (7, 66, 90). The macrophage enzyme 
appears to be somewhat smaller (96). Both enzymes contain bound f lavins 
[flavin adenine dinucleotide (FAD) and f lavin mononucleotide (FMN)] and 

tightly bound BH4. The presence of bound BH4 may account for the fact that 
NOS has considerable activity in the absence of added BH4. NOS from murine 

macrophages contains heme-bound iron, and is sensitive to inhibition by CO 

( 1 1 1). Although originally reported to contain nonheme iron (67), recent 
evidence indicates that like the macrophage enzyme, the brain enzyme is 

sensitive to CO ( 1 1 1), thereby indicating that it is also a heme-iron protein 

(see also 61) .  
It has been demonstrated that NW-hydroxyl-L-arginine is  an intermediate in 

the conversion of L-arginine to L-citrulline and -NO (96). The overall reaction 
has been formulated as shown in Figure 4: 1.5 mol of NADPH is oxidized 
for each mole of arginine converted to -NO (measured as nitrate plus nitrite), 
whereas only 0.5 mol of NADPH is consumed for each mole of hydroxyargi­
nine converted to -NO (96). Although Figure 4 depicts BH4 as being involved 
only in the latter step, there is no evidence in support of this assignment. 

One of the most striking differences between NOS and hepatic PAH is that 
the Km for BH4 for the NOS (0.02-0.03 f-l-M) (25, 97) is orders of magnitude 
smaller than that for PAR (2 f-l-M) (2). 

The extremely low Km of NOS for BH4 is relevant to our understanding of 
the clinical picture presented by patients with variant forms of PKU caused 
by an inability to either regenerate or synthesize BH4 (94). The discovery that 
BH4 is a cofactor for nitric oxide synthase raised questions about why these 

BH4-deficient patients do not show signs that might be expected if the BH4 
deficiency led to diminished activity of NOS with consequent impairment of 

NADPH 
� 

L-Arginine N"'-Hydroxy-L-arginine 

NO· + 

Nitric 
oxide 

L-Citrulline 

Figure 4 The reaction sequence for the enzymatic conversion of L-arginine to L-citrulline and 
·NO showing N'" hydroxY-L-arginine as an intermediate [adapted from (99)]. 
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the myriad p'hysiological processes that appear to be mediated by this biofactor. 
To mention only one example, why do not BH4-deficient patients exhibit signs 
of impaired immune function (34)? One explanation for this apparent paradox 
is that the deficiency of BH4 and the consequent decrease in tissue levels of 
BH4 in these patients is severe enough to impair the function of an enzyme 
like PAH, with a Km for BH4 of 2 f.LM, but is not severe enough to impair 
the function of enzyme like NOS, with a Km for BH4 of 0.02 f.LM. 

Another sharp difference between NOS and PAH is that the requirement 
for BH4 by the former enzyme is much more specific than it is for the latter. 
Thus, whereas synthetic model tetrahydropterins like 6MPH4 have about the 
same coenzyme activity for PAH as does BIi! [i.e. the same VmaxlKm value 
(2)], 6MPH4 at 0.2-0.5 f.LM (i.e. � 10--20 x the Km for BH4) is inactive with 
both macrophage (57) and brain NOS (25), although it does show some activity 
at 50-100 ILM (25, 57). 

Given the large number of redox cofactors that are, or can be, bound to 
NOS-NADPH, FMN, FAD, heme-iron, and BH,r--the question of what role 
BH4 plays in this built-in electron-transport system is of special interest. It 
has been postulated (57) that BH4 functions in the NOS system in precisely 
the same way that it has been shown to function with the aromatic amino acid 
hydroxylating systems (Figure 2); the only difference is that the proposed 
scheme for the NOS- catalyzed reaction does not include the formation of 
4a-hydroxytetrahydropterin as an intermediate in the reaction, as shown in 
Figure 2. If, indeed, BH4 does function with NOS as it does with PAH (and 
the other aromatic amino acid hydroxylases), BH4 must cycle between the 
tetrahydro and dihydro states during -NO synthesis. 

There are indications, however, that BH4 does not function with NOS in 
exactly the same way as it does with PAH. One difference is that both bound 
and exogenous BH4 appear to function catalytically during -NO synthesis even 
in the absence of any obvious BH4-regenerating system. Thus, during the first 
few minutes of the NOS-catalyzed reaction, even in the absence of added 
BH4, about 18 times more product is formed than the amount of enzyme 
added. This result shows that the enzyme-bound BH4 is functioning catalyt­
cally, and that if it is being oxidized during the reaction, it is capable of being 
regenerated. Alternatively, this result may indicate that BH4 is not being 
oxidized to support product formation. Similar results were obtained with 
added BH4; each mole of added BH4 is capable of supporting the formation 
of many moles of citrulline (25). 

The possibility that NOS can recycle exogenous BH4 was examined with 
the use of the phenylalanine hydroxylation system as a sensitive detector of 
recycling. To function catalytically in that system, the quinonoid dihydropterin 
product must be reduced back to the tetrahydro level (see Figure 2). Under 
conditions where any possibility of chemical regeneration of BH4 from its 
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quinonoid dihydro derivative was minimized, there was no evidence for BH4 
recycling in the presence of a complete NOS system (25). Additional evidence 
against recycling of BH4 was provided by the observation that methotrexate, 
an inhibitor of all enzymes known to convert dihydrobiopterin to BH4, does 
not inhibit BH4-dependent NOS activity (25). Strictly speaking, these results 
only provide evidence against the recycling of exogenous BH4. But unless the 
assumption is made that enzyme-bound and added BH4 stimulate the reaction 
by different mechanisms, the data also make it unlikely that the enzyme-bound 
BH4 recycles during the reaction, i.e. that the bound BH4 is stoichiometrically 
oxidized (each mole of product formed is supported by the oxidation of an 
equivalent of BH4) and then reduced. 

Either or both of the following mechanisms have been proposed to explain 
these results (25). First, BH4 may be needed to reduce NOS from an inactive 
to an active form, as has been demonstrated with PAH (64). In this reaction, 
BH4 is oxidized but the oxidation is stoichiometric with the amount of enzyme 
and not with the amount of product formed. The observation that BTh is not 
an absolute requirement suggests that the purified enzyme is at least partially 
in the reduced, active form and that, on incubation in the absence of added 
BH4, the reduced form is oxidized. Secondly, BH4 may be an allosteric effector 
of NOS that is necessary to maintain the enzyme in an active form. In this 
regard, BH4 has been shown to be an effector, albeit a negative one, in the 
activation of PAH by cyclic AMP-dependent protein kinase (87). In summary, 
NOS may require reduction by BH4 to activate it, or it may require the mere 
presence of BH4 to maintain it in an active form, or BTh may be needed to 
both reductively and allosterically activate the enzyme (25). 

The conclusion of Giovanelli et al (25) that enzyme-bound BH4 functions 
catalytically in the NOS-catalyzed reaction, as well as their proposal that one 
of the functions of BH4 may be to reduce NOS to an active form, have been 
endorsed by other workers (27). In a further elaboration of their views, Hevel 
& MarIetta (27) have cited results of experiments with 6-methyl-5-deaza­
tetrahydropterin showing that this analogue of 6MPH4 has no coenzyme 
activity with NOS but is an inhibitor of the 6MPH4-stimulated NOS-catalyzed 
reaction. On the basis of these results, they have concluded that bound-BH4 
functions in one of the two hydroxylation steps in the NOS-catalyzed reaction 
in a manner similar to that observed with the amino acid hydroxylases, a 
conclusion that implies that oxidation of BH4 is stoichiometric with product 
formation. Although it is possible that future work will prove that this is the 
role of BH4, this particular argument is not persuasive. Some deazatetra­
hydropterins inhibit tetrahydropterin-dependent enzymes when the pterin 
coenzyme does not function in a redox capacity, e.g. 5, 1O-dideaza-5,6,7,8-
tetrahydrofolate inhibits glycinamide ribonucleotide transformylase (5). Fol­
lowing the same line of reasoning as that used for deazapterin and NOS, one 
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might conclude that the pterin coenzyme in the transformylase reaction, 
l O-formyltetrahydrofolate, is involved in a redox reaction with this enzyme. 
This conclusion, however, would be incorrect. 

In contrast to the unsuccessful attempts to demonstrate a functional 
connection between cytokine-mediated increases in IDO activity and BH4 
levels, reviewed above, similar attempts to link NOS and BH4 have succeeded. 
Evidence suggestive of such a link first came from studies of the effect of 
cytokine treatment on murine fibroblasts which showed that IFN"{ alone; or 
preferably in combination with TNFa or lipopolysaccharide (LPS), induced 
the synthesis of NOS (measured by enhanced formation of its products, nitrite 
plus nitrate) and increased the intracellular content of total biopterin ( 1 1 0). 
Inhibition of the cytokine-induced increase in B� synthesis by treatment of 
the cells with DAHP prevented almost completely the increase in BH4 content 
and decreased NOS activity to 57% of the high induced levels obtained in the 
absence of DAHP. The effect of DAHP on NOS activity was reversed by 
increasing intracellular BH4 levels by treatment of the cells with the BH4 
precursor sepiapterin. These results indicate that about half of the cytokine­
induced NOS activity is dependent on the concomitant increase in BH4 
synthesis and suggest, but do not prove, that the other half may also be 
dependent on the BH4 that is present prior to cytokine treatment. Evidence 
was also presented that DAHP could partially prevent the cytokine-induced 
decrease in the viability of the fibroblasts ( 1 10) and that the effect on viability 
was mediated by the well-established cytotoxic action of -NO (28). 

A more striking dependence of NOS activity on BH4 levels has been 
demonstrated in a murine macrophage cell line (RA264). Treatment of these 
cells with IFN"{ and LPS increased BH4 levels above the relatively high 
constitutive level and, in agreement with previous results ( l Oa), stimulated 
the synthesis of NO as measured by nitrite production (89). Incubation of the 
cells with DAHP in the presence or absence of cytokines resulted in 90% 
depletion of intracellular levels of BH4 within 6 hr but only marginally 
decreased nitrite production. Depletion of total cellular BH4 by 96% inhibited 
the cytokine-stimulated production of nitrite by only 52%. Nitrite formation 
was dramatically inhibited only after BH4 content was depleted by more than 
99% [by treatment with DAHP plus NAS, an inhibitor of sepiapterin reductase 
(35)]. This sharp decrease in nitrite production was largely reversed by 
repletion of the BH4 content of the cells .  These results indicate that BH4 is 
indeed an absolute requirement for cytokine-stimulated -NO production in 
murine macrophages, and probably in other cells, and suggest that only a 
small fraction of the total intracellular pool of BH4 in macrophages is used 
in the induction and expression of NOS (89). 

The first indication that humans also possess a cytokine-activated NOS 
system came from the report that a human subject on a low nitrate diet 
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developed an increase in nitrate producti on (9-fold over basal levels) that 
coincided with the onset of fever and diarrhea (106). There is evidence that 
both the basal (59) and cytokine-mediated increased production of nitrate (29) 
are derived from L-arginine. 

These results with humans have set the stage for what is proving to be the 
second unsolved mystery in this area (the first is the role of the cytokine-stim­
ulated production of neopterin): In humans, what cell is the site of the 
cytokine-induced increase in NOS? To date, attempts to induce increased -NO 
synthesis in cultured human cells with the use of various cytokine protocols 
that are effective in rodent cells have been unsuccessful (8, 29, 8 1 ). 

Limited success has been reported by Denis (17); upon treatment with 
TNFCt, human monocyte-derived macrophages restricted the growth of the 
virulent form of Mycobacterium avium and enhanced the killing of the 
avirulent form of this organism. Granulocyte macrophage-colony stimulating 
factor (GM-SF) was as effective as TNFu in increasing the bacteriostatic 
activity of macrophages on M. avium, and the combination of TNFCt plus 
GM-SF was more effective than either treatment alone . Significantly, the 
ability of TNFCt to enhance the killing of the avirulent form of the organism 
was sensitive to NO -monomethylarginine, an inhibitor of NOS, thus implicat­
ing "NO in the killing process. Also pointing to the same conclusion is the 
finding that the mycobacteridal activity of the macrophages correlated with 
nitrite production. These results appear to be peculiar to macrophages infected 
with M. avium, since nitrite production was not detectable in uninfected, 
cytokine-treated macrophages. Whether conditions can be found that will 
allow generalization of these findings to include the response of human cells 
to a wider variety of organisms and other invading cells remains to be seen. 

BH4 AS A NEUROTRANSMITTER-RELEASING FACTOR 

An in vivo dialysis technique in which a microdialysis probe is implanted in 
a specific brain area, e.g. the striatum, thereby allowing perfusion of the area 
and the quantitative measurement of metabolites in the dialysate, has 
demonstrated the novel activity of (6R)-BH4 as a dopamine-releasing agent 
in rat striatum (55). The addition of (6R)-BH4 (0.25, 0.5, 1.0 mM) to the 
perfusion fluid increased dopamine levels in the striatal dialysates in a 
concentration-dependent manner. The possibility that this effect of (6R)-BH4 
was due to the stimulation by the pterin of tyrosine hydroxylase activity, 
leading to faster conversion of tyrosine to dopa and ultimately to more rapid 
formation of dopamine, is unlikely because most of the effect of BH4 was not 
blocked by inhibition of tyrosine hydroxylase activity with Ct-methyl-p-tyro­
sine. The ability of BH4 to stimulate the release of dopamine appears to depend 
on neural impulses reaching nerve terminals, since the effect was v irtually 
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abolished by pretreatment with tetrodotoxin, a drug that inhibits neuronal 
activity by blocking sodium channels in neuronal tissues. 

The same technique was used to show that the activity of (6R)-BH4 as a 
releasing agent extends to the release of dopamine, serotonin, and glutamate 
from rat striatum and frontal cortex (65). The BH4-stimulated release of 
glutamate was almost completely suppressed after destruction of striatal 
dopaminergic terminals by treatment with the neurotoxin 6-hydroxydopamine. 

(6R)-B� was also reported to enhance the release of acetylcholine in vivo 
in  the rat hippocampus (75). The BH4 -induced increase in  release of 
acetylcholine was also eliminated after inhibition of voltage-dependent Na + 
c hannels by tetrodotoxin, but not after depletion of catecholamines by 
reserpine; this would indicate that the effect of BH4 on acetylcholine release 
i s  direct and not secondary to the effects of BH4 on release of dopamine. 

An attempt to demonstrate BH4-mediated release of serotonin from isolated 
synaptosomes was unsuccessful (1 1 2). Although the reasons why this in vitro 
experiment failed are not known with certainty, one likely reason is that no 
attempt was made to inhibit re-uptake of any serotonin that might have been 
released. Under these conditions, therefore, a BH4 -stimulation of release 
would have been difficult to detect. 

CONCLUDING REMARKS 

One only has to think back to one of the historically important early discoveries 
in this field, i.e. the growth requirement of Crithidiafasiculata for biopterin, 
to be reminded that more new roles for BH4 remain to be discovered. This 
conclusion follows because none of the established roles for BH4 can readily 
explain why it is essential for the growth of this organism. 

In addition to the likelihood that other new functions for BH4 will be 
uncovered, many questions remain about how this pterin functions in  the 
recently described BH4-dependent systems. With respect to these s ystems, in 
particular the one responsible for the synthesis of NO, every one of the myriad 
functions of this biofactor represents a new physiological role for BH4. Clearly, 
therefore, this field, which j ust a few years ago appeared to be reaching 
maturity, has now entered a new and exciting growth spurt. 

Literature Cited 

1. Abita. J. P. , Cost, H. , Milstien, S . ,  
Kaufman, S. , Saimot, G.  1985. Urinary 
neopterin and biopterin levels in patients 
with AIDS and AIDS-related complex 
[letter J. Lancet 2:5 1-52 

2.  Abita, J. P. , Parniak, M . ,  Kaufman, 
S. 1 984. The activation of rat liver 
phenylalanine hydroxylase by limited 
proteolysis, lysolecithin, and tocopherol 

phosphate. Changes in conformation 
and catalytic properties. J. BioL. Chern. 
259: 14560-66 

3. Adler, C . ,  Ghisla, S . ,  Rebrin, I . ,  
Haavik, J . ,  Heizmann ,  C.  W., et al. 
1 992. 7-Substituted pterins in humans 
with suspected pterin-4a-carbino1amine 
dehydratase deficiency. Eur. J. Bio­
chem. 208: 1 39-44 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NEW ROLES FOR TETRAHYDROBIOPTERIN 28 1 

4. Armarego, W. L. F . ,  Randles, D . ,  
Taguchi, H. 1 983. Peroxidase catalyzed 
aerobic degradation of 5 , 6,7,8-tetra­
hydrobiopterin at physiological pH. 
Eur. J. Biochem. 1 35:393-403 

5. Beardsley, G. P . ,  Moroson, B .  A . ,  
Taylor, E.  C. , Moran , R .  G. 1989. 
A new folate antimetabolite , 5, 10-
dideaza-5 ,6,7 ,8-tetrahydrofolate is a 
potent inhibitor of de novo purine syn­
thesis. J. Bioi. Chem. 264:328-33 

6. Blau, N . ,  Curtius, H.-C . ,  Kuster, T. , 
Matasovic, A . ,  Schoedon, G . ,  et a1. 
1 989. Primapterinuria: A new variant 
of atypical phenylketonuria. 1. Inherit. 
Metab. Dis. 12: 335-38 

7. Bredt, D. S . ,  Snyder, S. H. 1990. 
Isolation of nitric oxide synthetase, a 
calmodulin-requiring enzyme. froc. 
Natl. Acad. Sci. USA 87:682-85 

8. Cameron , M. L.,  Granger, D. L . ,  
Weinberg, J .  B . ,  Kozumbo, W .  J . ,  
Koren, H .  S .  1990. Human alveolar 
and peritoneal macrophages mediate 
fungistasis independently of L-arginine 
oxidation to nitrite or nitrate. Am. Rev. 
Respir. Dis. 142: 1 3 1 3-19 

9. Cowperthwaite, J . ,  Weber, M. M . ,  
Packer, L . ,  Hutner, S .  H .  1953. Nu­
trition of Herpetomonas (Strigomonas) 
culicidarum. Ann. NY Acad. Sci. 56: 
972-8 1 

10. Curtius, H . -C . ,  Adler, c . ,  Rebrin, 
I . ,  Heizmann, c . ,  Ghis1a, S. 1990. 
7-Substituted pterins: Formation dur­
ing phenlalanine hydroxylation in 
the absence of dehydratase. Bio­
chem. Biophys. Res. Commun. 172: 
1 060-66 

1 1 .  Curlius, H.-C . ,  Kuster, T . ,  Matasovic, 
A . ,  Blau, N. , Dhondt, 1 . -L. 1988. 
Primapterin, anapterin, and 6-oxo­
primapterin , three new 7-substituted 
pterins identified in a patient with 
hyperphenylalaninemia. Biochem. Bio­
phys. Res. Commun. 1 53:715-2 1 

12.  Curtius, H . -C . ,  Matasovic, A. , 
Schoedon, G . ,  Kuster, T. , Guibaud, 
P . ,  et al. 1990. 7-Substituted pterins. 
J. BioI. Chem. 265:3923-30 

1 3 . Davis, M. D . ,  Kaufman, S. 199 1 .  
7 -Tetrahydrobiopterin i s  an uncoupled 
cofactor for rat hepatic phenylalanine 
hydroxylase. FEES Lett. 285: 1 7-20 

14 .  Davis, M. D. , Kaufman, S . ,  Milstien, 
S. 1988. The auto-oxidation of tetra­
hydrobiopterin.  Eur. J. Biochem. 173: 
345-5 1 

1 5 .  Davis, M. D . ,  Kaufman, S . ,  Milstien, 
S. 1 99 1 .  Conversion of 6-substituted 
tetrahydropterins to 7-isomers via phe­
nylalanine hydroxylase-generated inter­
mediates. Proc. Natl. Acad. Sci. USA 
88:385-89 

16. Davis, M. D . ,  Ribeiro, P . ,  Tipper, 1 . ,  
Kaufman, S .  1992. 7-Tetrahydro­
biopterin, a naturally-occurring ana­
logue of tetrahydrobiopterin ,  is a 
cofactor for and a potential inhibitor 
of the aromatic acid hydroxylases. 
Proc. Natl. Acad. Sci. USA 89: 1 0 1 09-
1 3  

17.  Denis, M .  1 99 1 . Tumor necrosis factor 
and granulocyte macrophage-colony 
stimulating factor stimulate human mac­
rophages to restrict growth of virulent 
Mycobacterium avium and to kill avir­
ulent M. avium: Killing effector mech­
anism depends on the generation of 
reactive nitrogen intermediates. 1. Leu­
kocyte Bioi. 49:380-87 

Ul .  Dhondt, J. L . ,  Forzy, G . ,  Hayte, J. 
M. 1987. Impaired biopterin synthesis 
in a patient with mild hyperphenyl­
alaninemia. A new variant? In Un­
conjugated Pterins and Related 
Biogenic Amines, ed H . -C .  Curtius, 
N. Blau, R. A. Levine, pp. 257-63. 
Berlin/New York: de Gruyter 

19.  Duch, D. S . ,  Bowers, S. W . , Woolf, 
J. H . .  Nichol, C. A. 1984. Biopterin 
cofactor synthesis: GTP cyclohydrolase, 
neopterin and biopterin in tissues and 
fluids of mammalian species. Life Sci. 
35: 1895-1901 

20. Farkas, W. R. , Jacobson, K. B . ,  Katze, 
1. R. 1984. Substrate and inhibitor 
specificity of tRNA-guanine ribosyl­
transferase. Biochim. Biophys. Acta 
7 8 1 :  64-75 

2 1 .  Foiling, A. 1934. Vber Ausschcidung 
von Phenylbrenztraubensaure in den 
ham als Stoffwechselanomalie in Ver­
bindung mit Imbezillitat. Z. Physiol. 
Chem. 227: 1 69-76 

22. Forrest, H. S . ,  Mitchell, H. K .  1955. 
Pteridines from Drosophila. 3.  Isolation 
and identification of three more 
pteridines.  J. Am. Chern. Soc. 77:4865-
69 

23. Fuchs, D . ,  Hausen, A . ,  Knosp, 0 . ,  
Reibnegger, G . ,  Wachter, H . ,  et al. 
1983. Neopterin evaluation in patients 
with pulmonary tuberculosis. In Bio­
chemical and Clinical Aspects of 
Pteridines, ed . H.-C. Curtius , W .  
Pfleiderer, H. Wachter, 2:28 1-9 1 .  Ber­
lin/New York: de Gruyter 

24. Fukushima, T . ,  Nixon. J. 1980. Anal­
ysis of reduced forms of biopterin and 
biological tissues and fluids. Anal. 
Biochem. 102: 176-88 

25 . Giovanelli, J . ,  Campos, K. L. ,  Kauf­
man, S. 1 991 . Tetrahydrobiopterin ,  a 
cofactor for rat cerebellar nitric oxide 
synthase, does not function as a reactant 
in the oxygenation of arginine. Proc. 
Natl. Acad. Sci. USA 88:7091-95 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



282 KAUFMAN 

26. Hausen, A . ,  Fuchs, D. , Reibnegger, 
G. ,  Wachter, H . ,  Egg, D . ,  et al. 1983. 
Neopterin an index for activity of dis­
ease in patients with rheumatoid ar­
thritis. See Ref. 23, pp. 245-54 

27. Hevel, J. M . ,  Marietta, M .  A. 1 992. 
Macrophage nitric oxide synthase: re­
lationship between enzyme-bound 
tetrahydrobiopterin and synthase activ­
ity. Biochemistry 3 1 : 7 1 60-65 

28.  Hibbs, J. B. Jr. , Taintor, R. R . ,  Vavrin, 
Z . ,  Rachlin, E. M. 1988. Nitric oxide: 
A cytotoxic activated macrophage ef­
fector molecule. Biochem. Biophys. 
Res. Commun. 1 57:87-94 

29. Hibbs, J. B .  JT. Westenfelder, C . ,  
Taintor, R . ,  Vavrin, Z . ,  Kablitz, c . ,  
et at. 1992. Evidence for cytokine-in­
ducible nitric oxide synthesis from L­
arginine in patients receiving inter­
leukin-2 therapy. 1. Clin. Invest. 
89:867-77 

30. Hirata, F. ,  Hayaishi, O. 1 977. Super­
oxide anion as an intermediate or a 
substrate for certain oxygenases.  In 
Superoxide and Superoxide Dismutases. 
ed. A. M. Michelson, J. M. McCord, 
I. Fridovich, pp. 395-406. London: 
Academic 

3 1 .  Huang, C. Y . ,  Kaufman, S. 1973. 
Studies on the mechanisms of action 
of phenylalanine hydroxylase and its 
protein stimulator. I. Enzyme concen­
tration dependence of the specific ac­
tivity of phenylalanine hydroxylase due 
to a nonenzymatic step. 1. Bioi. Chem. 
248:4242-5 1 

32. Huber, C . ,  Batchelor, J. R . ,  Fuchs , 
D . ,  Hausen, A .• Lang. A . ,  et al. 1984. 
Immune-response-associated production 
of neopterin. 1. Exp. Med. 160:310-16 

33.  Jervis, G. A. 1947. Studies on phe­
nylpyruvic oligophrenia. The position 
of the metabolic error. 1. Bioi. Chem. 
169:65 1-56 

34. Jolier, P.  W . ,  Blau, N . ,  Atares, M . ,  
Niederwieser, A . ,  Cardesa-Garcia, J .  
1983. Guanosine-triphosphate cyclopy­
drolase deficiency: analysis of the in­
fluence on immune parameters in a 
girl. See Ref. 23, pp. 1 67-76 

35. Katoh, S . ,  Sueoka, T. ,  Yamada, S .  
1982.  Direct-inhibition of brain 
sepiapterin reductase by a catechola­
mine and an indoleamine. Biochem . 
Biophys. Res. Commun. 1 05:75-81 

36. Kato. T., Yamaguchi, T . ,  Nagatsu, 
T . ,  Sugimoto, T. , Matsuura, S. 1980. 
Effects of structures of tetrahydropterin 
cofactors on rat brain tryptophan 
hydroxylase. Biochim. Biuphys. Acta 
6 1 1 :241-50 

37. Kaufman, S .  1958. Phenylalanine hy­
droxylation cofactor in phenylketonuria. 
Science 128: 1 50�8 

38. Kaufman, S .  1959. Studies on the 
mechanism of the enzymatic conversion 
of phenylalanine to tyrosine. J. BioI. 
Chem. 234:2677-82 

39. Kaufman, S. 1962. On the structure 
of the phenylalanine hydroxylation 
cofactor. J. Bioi. Chem. 237:271 2-
1 3  

40. Kaufman, S .  1 963. The structure of 
phenylalanine hydroxylation cofactor. 
Proc. Natl. Acad. Sci. USA 5 : 1 085-93 

4 1 .  Kaufman, S. 1967. Unanswered ques­
tions in the primary metabolic block 
in phenylketonuria. In Phenylketonuria 
and Allied Metabolic Diseases, Proc. 
Conf. . April 6-fJ. 1966. ed. J. A .  
Anderson, K.  F. Swaiman, p p .  205- 1 3 .  
Washington, DC: US Gov. Print. Off. 

42. Kaufman, S .  1970. A protein that 
stimulates rat liver phenylalanine 
hydroxylase. J. Bioi. Chem. 245:4751-
59 

43 . Kaufman, S .  1975.  Studies on the 
mechanism of phenylalanine hydroxy­
lase: detection of an intermediate. In 
Chemistry and Biology of Pteridines. 
ed. W. Pfleiderer, pp. 29 1-304. Berlin: 
de Gruyter 

44. Kaufman, S. 1 977. Phenylketonuria: 
biochemical mechanisms. Adv. Neu­
rochem. 2: 1-132 

45. Kaufman, S. 1 983. Phenylketonuria 
and its variants. Adv. Hum. Genet. 
1 3 : 2 1 7-97 

46. Kaufman, S. 1 986. The metabolic role 
of tetrahydrobiopterin. In Chemistry 
and Biology of Pteridines, ed. B .  A. 
Cooper, V .  M .  Whitehead, pp. 1 85-
200. Berlin: de Gruyter 

47. Kaufman, S . ,  Fisher, D. B .  1 974. 
Pterin-requiring aromatic amino acid 
hydroxylases. In Molecular Mecha­
nisms of Oxygen Activation, ed. O. 
Hayaishi, pp.  285-369. Ncw York: 
Academic 

48. Kaufman, S . ,  Levenberg, B. 1959. 
Further studies on the phenylalanine 
hydroxylation cofactor. J. BioI. Chem . 
234:2683-88 

49. Kaufman. S . ,  Pollock, R. J . ,  Summer, 
G. K . ,  Das, A. K . ,  Hajra, A. K .  
1990. Dependence of an alkyl glycol­
ether monooxygenase activity upon 
tetrahydropterins. Biochim . Biophys . 
Acta 1040: 1 9-27 

50. Kerier, F. , Htiltner, L. , Ziegler, I . ,  
Katzenmaier, G . ,  Bacher, A. 1990. 
Analysis of the tetrahydrobiopterin syn­
thesizing system during maturation of 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



5 1 .  

52. 

53. 

54. 

55. 

56.  

57. 

58. 

59. 

60. 

6 1 . 

62. 

NEW ROLES FOR TETRAHYDROBIOPTERIN 283 

murine reticulocytes. J. Cell Physiol. 
142:268-71 
Kerler, F. , Ziegler, I . ,  Schmid, C. , 
Bacher, A. 1 990. Synthesis of 
tetrahydrobiopterin in Friend erythro­
leukemia cells and its modulator effect 
on cell proliferation. Exp. Cell Res . 
1 89: 1 5 1-56 
Kidder, G. W . ,  Dewey, V. C. 1963. 
Relationship between pyrimidine and 
lipid biosynthesis and unconjugated 
pteridine . Biochem. Biophys. Res. Com­
mun. 1 2:280-83 
Kidder, G. W. ,  Nolan, L. L. 1973. 
Pteridine-requiring dihydroorotate hy­
droxylase from Crithidia fasciculata. 
Biochem. Biophys. Res. Commun. 53: 
929--36 
Kokolis, N . ,  Ziegler, I. 1977. On the 
levels of phenylalanine, tyrosine and 
tetrahydrobiopterin III the blood of 
tumor-bearing organisms. Can. Bio­
chem. Biophys. 2 :79--85 
Koshimura, K . ,  Miwa, S . ,  Lee, K . ,  
Fujiwara, M . ,  Watanabe, Y. 1990. 
Enhancement of dopamine release in 
vivo from the rat striatum by dialytic 
perfusion of 6R-L-erythro-5,6,7,8-
tetrahydrobiopterin. J. Neurochem. 54: 
1 391-97 
Kwon, N. S . ,  Nathan, C. F . ,  Gilker, 
C . ,  Griffith, O. W . ,  Matthews, D. E . ,  
e t  al. 1 990. L-citrulline production from 
L-arginine by macrophage nitric oxide 
synthase. J. Bioi. Chem. 265: 1 3442-45 
Kwon, N. S . ,  Nathan, C. F. ,  Stuehr, 
D. J. 1989 . Reduced biopterin as a 
cofactor in the generation of nitrogen 
oxides by murine macrophages. J. Bioi. 
Chem. 264:20496-2050 1  
Lazarus, R. A . ,  Benkovic, S .  J . ,  Kauf­
man, S .  1983 . Phenylalanine hydro­
xylase stimulator protein is a 
4a-carbinolamine dehydratase. 1. Bioi. 
Chem. 258: 1 0960--962 
Leaf, C. D . ,  Wishnok, J. S . , Tan­
nenbaum, S .  R. 1989. L-arginine is a 
precursor for nitrate biosynthesis in 
humans. Biochem. Biophys. Res. Com­
mun. 163: 1032-37 
Lin, V. K . ,  Farkas, W. R . ,  Agris, P. 
F. 1980. Specific changes in Q-ribo­
nucleoside containing transfer RNA 
species during Friend leukemia cell 
erythroid differentiation. Nucleic Acids 
Res. 8:3481-89 
Lowenstein, C. J . ,  Snyder, S. H. 1992. 
Nitric oxide, a novel biologic messen­
ger. Cell 70:705-7 
Marks, P. A . ,  Rifkind , R. A. 1978. 
Erythroleukemic differentiation. Annu. 
Rev. Biochem. 47:419-48 

63 . Marietta, M. 1989. Nitric oxide: bio­
synthesis and biological significance. 
Trends Biochem. Sci. 14:488-92 

64. Marota, J. J. A . ,  Shiman, R. 1984. 
Stoichiometric reduction of phenylala­
nine hydroxylase by its cofactor: a 
requirement for enzymatic activity. Bio­
chemistry 23: 1 303-1 1 

65. Mataga, N . ,  Imamura, K . ,  Watanabe, 
Y. 1991 . 6R-Tetrahydrobiopterin per­
fusion enhances dopamine,  serotonin, 
and glutamate outputs in dialysate from 
rat striatum and frontal cortex. Brain 
Res. 551 :64-7 1 

66. Mayer, B . ,  John, M . ,  Bohme, E. 1990. 
Purification of Ca2+ Icalmodulin-depen­
dent nitric oxide synthase from porcine 
cerebellum. FEBS Lett. 277:2 1 5-19 

67. Mayer, B . ,  John, M . ,  Heinzel, B . ,  
Werner, E .  R . ,  Wachter, H . ,  e t  aJ. 
1991 . Brain nitric oxide synthase is a 
bioptcrin- and flavin-containing multi­
functional oxido-reductase. FEBS Lett. 
288: 1 87-91 

68. Milstien, 5 . ,  Kaufman, S. 1989. The 
biosynthesis of tetrahydrobiopterin in 
rat brain. Purification and character­
ization of 6-pyruvoyl tetrahydropterin 
(2'-oxo)reductase. 1. Bioi. Chem. 264: 
8066-73 

69. Milstien, S . ,  Kaufman, S .  1 989. Im­
munological studies on the participation 
of 6-pyruvoyl tetrahydropterin (2 -oxo) 
reductase, an aldose reductase, in 
tetrahydrobiopterin biosynthesis. 
Biochem. Biophys. Res. Commun. 165: 
845-50 

70. Milstien, S . ,  Kaufman, S . ,  Tanaka, 
K. 1990. Regulation of cellular pro­
liferation by tetrahydrobiopterin .  In 
Chemistry and Biology of Pteridines, 
ed. H .-C. Curtius, S .  Ghisla, N. Blau, 
pp. 506-10. Berlin: de Gruyter 

7 1 .  Nichol, C. A . ,  Lee, C. L . ,  Edelstein, 
M.  P . ,  Chao, J .  Y . ,  Duch, D. S .  
1 983. Biosynthesis o f  tetrahydro­
biopterin by de novo and salvage path­
ways in adrenal medulla extracts , 
mammalian cell cultures and rat brain 
in vivo. Proc. Nat!. Acad. Sci. USA 
80: 1 546-50 

72. Nishikimi, M. 1 975. A function of 
tetrahydropteridines as cofactors for in­
doleamine 2,3-dioxygenase. Biochem. 
Biophys . Res. Commun. 63:92-98 

73. Nishimura, S .  1983. Structure, biosyn­
thesis and function of quenosine in 
transfer RNA. Prog. Nucleic Acids 
Res. Mol. Bioi. 28:49--73 

74. Nixon, J. C., Lee, C. L . ,  Milstien, 
S . ,  Kaufman, S . ,  Bartholome, K. 1980. 
Neopterin and biopterin levels in pa-

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



284 KAUFMAN 

tients with atypical forms of phenyl­
ketonuria. J. Neurochem. 35:898-904 

75. Ohue, T . ,  Koshimura, K. , Lee, K . ,  
Watanabe, Y. ,  Miwa, S .  1 99 1 .  A 
novel action of 6R-L-erythro-5 ,6,7,8-
tetrahydrobiopterin, a cofactor for 
hydroxy lases of phenylalanine, tyrosine 
and tryptophan; enhancement of ace­
tylcholine release in vivo in the rat 
hippocampus. Neurosci. Lett. 128:93-
96 

76. Okada, N . ,  Shindo-Okada, N . ,  Sato, 
S . ,  Itoh, Y. H . ,  Oda, K.-I . ,  et al. 
1978. Detection of unique tRNA species 
in tumor tissues by Escherichia coli 
guanine insertion enzyme. Proc. Natl. 
Acad. Sci. USA 75:4247-5 1 

77. Osanai, M . ,  Rembold, H. 197 1 .  Co­
factor specificity of L-erythro-tetra­
hydrobiopterin rat liver phenylalanine 
4-hydroxylase. Hoppe-Seyler's Z. Phys­
iol. Chem. 352: 1359-62 

78. Ozaki, Y. , Edelstein, M. P. , Duch, 
D. S. 1987. The actions of interferon 
and antiinflammatory agents on induc­
tion of indoleamine 2,3-dioxygenase in 
human peripheral blood monocytes. 
Biochem. Biophys. Res. Commun. 144: 
1 147-53 

79. Ozaki, Y. ,  Edelstein, M. P . ,  Duch, 
D. S. 1988. Induction of indoleamine 
2,3-dioxygenase: A mechanism of the 
antitumor activity of interferon 'Y. Proc. 
Natl. Acad. Sci. USA 85: 1242--46 

80. Ozaki, Y . ,  Reinhard, J. F. Jr. ,  Nichol, 
C. A. 1986. Cofactor activity of 
dihydroflavin mononucleotide and 
tetrahydrobiopterin for murine epidid­
ymal indoleamine 2,3-dioxygenase. 
Biochem. Biophys. Res. Commun. 1 37:  
1 106-1 1 

8 1 .  Padgett, E. L . ,  Pruett, S. B .  1 992. 
Evaluation of nitrite production by 
human monocyte-derived macrophages. 
Biochem. Biophys. Res. Commun. 1 86: 
775-8 1 

82. Parniak, M. A . ,  Kleiman, L . ,  Marx, 
S . ,  Andrejchyshyn, S. 1 989. Changes 
in the level of biopterin and of queu­
ine-containing tRNA during erythroid 
differentiation of murine erythroleuke­
mia cells. In Chemistry and Biology 
of Pteridines, ed. H . -C.  Curtius, S .  
Ghisla, N. Blau, pp.  364-67. Berlin: 
de Gruyter 

83. Patterson, E .  L . ,  Broquist, H. P . ,  
Albrecht, A. M . ,  von Saltza, M.  H . ,  
Stokstad, E.  L .  1955. A new pteridine 
in urine required for the growth of the 
protozoan Crithidia fasciculata. J. Am. 
Chern. Soc. 77:3167-68 

84. Patterson, E. L . ,  Milstrey, R . ,  

Stokstad, E.  L.  1956. The synthesis 
of a pteridine required for the growth 
of Crithidia faciculata. J. Am. Chem. 
Soc. 78:5868-71 

85. Patterson, E. L . ,  von Saltza, M. H . ,  
Stokstad, E.  L.  1956. The isolation 
and characterization of a pteridine re­
quired for the growth of Crithidia 
fasiculata. J. Am. Chern. Soc. 78:5871-
73 

86. pfefferkorn, R.  1984. Interferon 'Y 
blocks the growth of Toxoplasma gondii 
in human fibroblasts by inducing the 
host cells to degrade tryptophan. Proc. 
Nat!. Acad. Sci. USA 8 1 :908-1 2  

87 . Phillips, R. S . ,  Kaufman, S .  1 984. 
Ligand effects on the phosphorylation 
state of hepatic phenylalanine hydro­
xylase. J. Biol. Chem. 259:2474-79 

88. Rokos, H . ,  Rokos, K . ,  Frisius, H . ,  
Kirstaedter, H . -J .  1980. Altered urinary 
excretion of pteridines in neoplastic 
disease. Determination of biopterin, 
neopterin, xanthopterin, and pterin. 
Clin. Chim. Acta 105:275-86 

89. Sakai, N . ,  Kaufman, S . ,  Milstien, S .  
1992. Tetrahydrobiopterin is required 
for cytokine-induced nitric oxide pro­
duction in a murine macrophage cell 
line (RAW 264). Mol. Pharmacol. In 
press 

90. Schmidt, H. H. H. W. , Pollack, J . ,  
Nakane, M . ,  Gorsky, L . ,  Forstermann, 
U., et al. 199 1 . Purification of a 
soluble isoform of guanyly1 cyclase­
activating-factor synthase. Proc. Natl. 
Acad. Sci. USA 88:365-69 

9 1 .  Schmidt, H. H. H .  W . ,  Smith, R . ,  
Nakane, M . ,  Murad, F .  1992. 
Ca2+ ICalmodulin-dependent NO syn­
thase Type I: A biopteroflavoprotein 
with Cli'+ ICalmodulin-independent dia­
phorase and reductase activities. Bio­
chemistry 3 1 :3243-49 

92. Schoedon, G . ,  Groppmair, J . ,  Adolf, 
G . ,  Huber, C . ,  Niederwieser, A. 1 986. 
Interferon-'Y enhances biosynthesis of 
pterins in peripheral blood mononuclear 
cells by induction of GTP-cyclohy­
drolase I activity. J. Interferon Res. 
6:697-703 

93. Schoedon, G . ,  Troppmain, J . ,  Fon­
tana, A . ,  Huber, C . ,  Curtius, H . -C . ,  
et al. 1987. Biosynthesis and metab­
olism of pterins in peripheral blood 
mononuclear cells and leukemia cell 
lines of man and mice. Eur. J. Bio­
chem. 1 66:303-10 

94. Scriver, C. R . ,  Kaufman, S . ,  Woo, 
S .  L.  C.  1989. The hyperpheny1alanine­
mias. In The Metabolic Basis of In­
herited Disease. ed. C. R. Scriver, A .  

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NEW ROLES FOR TETRAHYDROBIOPTERIN 285 

L. Beaudet, W .  S .  Sly, D. Valle, pp. 
495-546. New York: McGraw-Hill 

95 . Shindo-Okada, N . ,  Terada, M . ,  
Nishimura, S .  198 1 .  Changes i n  amount 
of hypo-modified tRNA having guanine 
in place of quenine during erythroid 
differentiation of murine erythroleuke­
mia cells. Eur. 1. Biochem. 1 15:423-28 

96. Stuehr, D. J . ,  Cho, H. J . ,  Kwon, N .  
S . ,  Weise, M.  F . ,  Nathan, e. F. 199 1 .  
Purification and characterization of the 
cytokine-induced macrophage nitric 
oxide synthase: an FAD- FMN-con­
taining flavoprotein. Proc. Natl. Acad. 
Sci. USA 88:7773-77 

97. Stuehr, D. J . ,  Griffith, O. W. 1992. 
Mammalian nitric oxide synthases. In 
Adv. Enzymol. 65:287-346 

98. Stuehr, D. J . ,  Kwon, N. S . ,  Nathan, 
C. F. 1 990. FAD and GSH participate 
in macrophage synthesis of nitric oxide. 
Biochem. Biophys. Res. Commun. 168: 
558-65 

99. Stuehr, D. J . ,  Kwon, N. S . ,  Nathan, 
e. F . ,  Griffith, O. W . ,  Feldman, P. 
L.,  et al .  199 1 .  Nw-hydroxY-L-arginine 
is an intermediate in the biosynthesis 
of nitric oxide from L-arginine. 1. Bioi. 
Chern. 266:6259-63 

1 00. Stuehr, D. J . ,  Marietta, M. A. 1987. 
Synthesis of nitrite and nitrate in murine 
macrophage cell lines. Cancer Res. 
47:5590--94 

1 0 1 .  Tanaka, K . ,  Kaufman, S . ,  Milstien, 
S. 1989. Tetrahydrobiopterin, the co­
factor for aromatic amino acid 
hydroxylases, is synthesized by and 
regulates proliferation of erythroid cells. 
Proc. Natl. Acad. Sci. USA 86:5864-67 

102. Tayeh, M. A . ,  Marietta, M .  A .  1989. 
Macrophage oxidation of L-arginine to 
nitric oxide, nitrite, and nitrate. 
Tetrahydrobiopterin is required as a 
cofactor. 1. Bioi. Chem. 264 : 19654--58 

103. Tietz, A., Lindberg, M . ,  Kennedy, E. 
P. 1 964. A new pteridine-requiring 
enzyme system for the oxidation of 
glyceryl ethers. J. Bioi. Chem. 239: 
4081-90 

104. Wachter, H . ,  Fuchs, D . ,  Hauscn, A . ,  
Huber, C . ,  Knosp,  0 . ,  et al. 1983. 
Elevated urinary neopterin levels in 
patients with the acquired immuno­
deficiency syndrome (AIDS). Hoppe­
Seyler's Z. Physiol. Chem. 364: 
1 345-46 

105. Wachter, H . ,  Hausen, A . ,  Grassmayr, 
K. 1979. Erhohte Ausscheidung von 
Neopterin im Ham von Patienten mit 
malignen Tumoren und mit Viruser­
krankungen. Hoppe-Seyler's Z. Physiol. 
Chern. 360: 1957-60 

106. Wagner, D .  A . ,  Tannenbaum, S .  R. 
1982. Enhancement of nitrate biosyn­
thesis by E. coli lipopolysaccharide In 
Nitrosamines and Human Cancer, ed. 
P. N. Magee, 1 2:437-43. Cold Spring 
Harbor, NY: Cold Spring Harbor Lab. 
Banbury Rep. 

107. Werner, E.  R., Werner-Felmayer, G . ,  
Fuchs, D . ,  Hausen, A. ,  Reibnegger, 
G. , et al. 1989. Parallel induction of 
tetrahydrobiopterin biosynthesis and in­
doleamine 2,3-dioxygenase activity in 
human cells and cell lines by interferon 
'!. Biochem. 1. 262:861-66 

1 08.  Werner, E. R . ,  Werner-Felmayer, G . ,  
Fuchs, D . ,  Hausen, A. , Reibnegger, 
G . ,  et al. 1990. Tetrahydrobiopterin 
biosynthetic activities in human mac­
rophages, fibroblasts, THP- l ,  and T 
24 cells. J. Bioi. Chem. 265: 3 1 89--92 

109. Werner, E. R . ,  Werner-Felmayer, G . ,  
Fuchs, D . ,  Hausen, A . ,  Reibnegger, 
G . ,  et al. 1 99 1 . Impact of tumour 
necrosis factor-O' and interferon-"y on 
tetrahydrobiopterin synthesis in murine 
fibroblasts and macrophages. Biochem. 
1. 280:709-14 

1 1 0.  Werner-Felmayer, G . ,  Werner, E. R . ,  
Fuchs , D . ,  Hausen, A . ,  Reibnegger, 
G.,  et al. 1 990. Tetrahydrobiopterin­
dependent formation of nitrite and ni­
trate in murine fibroblasts. J. Exp. 
Med. 1 72 : 1599--1 607 

I l l .  White. K. A . ,  Marietta, M. A. 1992. 
Nitric oxide synthase is a cytochrome 
P-450 type hemoprotein. Biochemistry 
3 1 :6627-3 1 

1 12 .  Wolf, W. A . ,  Anastasiadis, P. Z . ,  
Kuhn, D .  M . ,  Levine, R. A .  1990. 
Influence of tetrahydrobiopterin on se­
rotonin synthesis, metabolism and rc­
lease in synaptosomes. Neurochem. Int. 
16:335-40 

1 13 .  Yoshida, R . ,  Hayaishi , O. 1978. In­
duction of pulmonary indoleamine 2,3-
dioxygenase by intraperitoneal injection 
of bacterial lipopolysaccharide. Proc. 
Natl. Acad. Sci. USA 75:3998-4000 

1 14. Yoshida, R . ,  Urade, Y . ,  Sayama, S . ,  
Takikawa,  0. ,  Ozaki, Y. ,  e t  al. 1982. 
Indoleamine 2,3-dioxygenase: A new 
mediator of interferon actions.  In Ox­
ygenases and Oxygen Metabolism, ed. 
M. Nozaki, S. Yamamoto, Y. Ishimuri, 
M. J. Coon, L. Ernster, R. W. Es­
terbrook, pp. 569--79. New York: Ac­
ademic 

1 15 .  Ziegler, I. 1 985. Pteridine formation 
during lectin-induced lymphocyte acti­
vation. 1. Cell. Biochem. 28: 1 97-206 

1 16. Ziegler. I. 1 985. Synthesis and inter­
feron-,! controlled release of pteridines 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



286 KAUFMAN 

during activation of human peripheral 
blood mononuclear cells. Biochem. 
Biophys. Res. Commun. 1 32:404-1 1 

1 17 .  Ziegler, 1 . ,  Hamrn, U . ,  Berndt, J .  
1983.  Participation of pterins in the 
control of lymphocyte stimulation and 
lymphoblast proliferation. Can. Res. 
43:5356-59 

1 18 .  Ziegler, I., Kolb, H.  J . ,  Bodenberger, 
U . ,  Wilmanns, W. 1982. Biopterin 
level in blood cells as a marker for 

hemopoietic cell proliferation during 
autologous bone marrow transplantation 
in beagle dogs. Blut 44:261-70 

1 19. Ziegler, I . ,  Schwulera, V. 1 989. Mod­
ulation of interleukin 2 high-affinity 
binding by lymphocyte-derived tetra­
hydrobiopterin: Pterins as potential par­
ticipants in the control of interleukin 
2 receptor assembly. J. Cell. Biochem. 
4 1 : 103- 1 1 

A
nn

u.
 R

ev
. N

ut
r.

 1
99

3.
13

:2
61

-2
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
ow

an
 U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition Online
	Most Downloaded Nutrition Reviews
	Most Cited Nutrition Reviews
	Annual Review of Nutrition Errata
	View Current Editorial Committee


	ar: 
	logo: 



