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Abstract

Sepiapterin reductase (SPR) catalyzes the last step in the pathway of tetrahydrobiopterin biosynthesis in tissues. SPR is
phosphorylated by Ca2�-dependent protein kinases, which indicates that Ca2�-activated protein kinases may play a role in
the regulation of SPR in vivo. Phosphorylation sites of rat sepiapterin reductase (rSPR) by Ca2�/calmodulin-dependent
protein kinase II were determined in the present study. Using specific monoclonal anti-phospho-Ser and -Thr antibodies, we
found that only Ser residues of rSPR were phosphorylated. We constructed several point mutants of SPR by systematically
replacing the three Ser residues by Ala ones. These mutants showed that all three Ser residues, i.e. S46, S196, and S214, of
rSPR were phosphorylated. We also recognized that only Ser-213 of human SPR was phosphorylated. Each of these serine
residues in SPR was found in the consensus sequence (Arg-X-X-Ser/Thr) of the phosphorylation site. ß 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Sepiapterin reductase (SPR) catalyzes the last step
of the biosynthetic pathway of tetrahydrobiopterin
(BH4) [1]. BH4 is an essential cofactor for tyrosine
hydroxylase and tryptophan hydroxylase, which are
the rate-limiting steps in the biosynthesis of mono-
amine neurotransmitters in the central nervous sys-
tem, and for phenylalanine hydroxylase, which cata-

lyzes the formation of tyrosine in the liver [2].
Abnormality in the metabolism of BH4 results in
neurological diseases such as atypical phenylketonu-
ria (hyperphenylalaninemia) [3]. BH4 is biosynthe-
sized from GTP by three enzymes including SPR,
but only in SPR no inherited abnormality had been
found. Most recently, however, an autosomal reces-
sive SPR de¢ciency in monoamine neurotransmitter
de¢ciencies was reported [4]. BH4 also acts as an
activator for all three nitric oxide synthase (NOS)
isoforms [5,6]. Furthermore, BH4 plays a regulatory
role in human skin melanogenesis by forming a sta-
ble complex with the K-melanocyte stimulating hor-
mone (K-MSH) [7,8].

Ca2�/calmodulin-dependent protein kinase II
(CaM KII) is a ubiquitous enzyme mediating re-
sponses to changes in the intracellular concentration
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of calcium ions [9,10]. CaM KII is the most abun-
dant protein kinase in the brain and is particularly
abundant at synapses, where it plays a crucial role in
the regulation of synaptic transmission [11,12]. As
previously reported, phenylalanine hydroxylase,
which catalyzes the conversion of phenylalanine to
tyrosine in the presence of BH4, is phosphorylated
by CaM KII [13]. As well as phenylalanine hydroxy-
lase, tyrosine hydroxylase, a key enzyme in catechol-
amine biosynthesis, is phosphorylated by various
protein kinases including CaM KII [14]. Further-
more, tryptophan hydroxylase, the rate-limiting en-
zyme in the biosynthesis of serotonin, is also phos-
phorylated by CaM KII [15]. The enzyme activity or
the interaction of stimulatory proteins with the
above hydroxylases is controlled by CaM KII-depen-
dent phosphorylation [16^18]. Therefore, it is not
surprising that the biosynthesis of neurotransmitters
is regulated by calcium ions through phosphorylation
by multifunctional Ca2�-activated protein kinases
such as CaM KII.

Recently, we reported that SPR, the key enzyme of
BH4 production, is phosphorylated by CaM KII [19]
and that it becomes more sensitive to Ca2�-activated
protease (calpain) than the non-phosphorylated form
of SPR [20]. These ¢ndings suggest that SPR may be
in control of the catalysis by BH4-requiring enzymes
by regulating BH4 biosynthesis via CaM KII-depen-
dent phosphorylation of itself. In this study, we con-
structed various point mutants of SPR by site-di-
rected mutagenesis, determined the sites on the
SPR subunit phosphorylated by CaM KII, and
then measured the kinetic parameters of the point
mutant SPRs phosphorylated/non-phosphorylated
by CaM KII with respect to sepiapterin and
NADPH.

2. Materials and methods

2.1. Chemicals

[Q-32P]ATP (4000 Ci/mmol) was obtained from
ICN (USA). Protein kinase C (PKC), cAMP-depen-
dent protein kinase (PKA), CaM KII, cGMP-depen-
dent protein kinase (PKG), MAP kinase, tyrosine
kinase, casein kinase II, calmodulin, endoprotease
Lys-C, ATP, and monoclonal anti-phospho-Ser/

Thr/Tyr antibody were obtained from Sigma
(USA). The Sephasil protein column used was pur-
chased from Pharmacia Biotech (Sweden).

2.2. Cloning and expression of rat (r) SPR and
human (h) SPR

Clones encoding rSPR and hSPR were ampli¢ed
by the polymerase chain reaction (PCR). Ampli¢ed
rSPR and hSPR cDNAs were ligated into pTrxFus
and pET16b expression vectors, respectively, and ex-
pressed in Escherichia coli. Expressed proteins were
puri¢ed by ammonium sulfate fractionation and af-
¢nity chromatography [21].

2.3. Phosphorylation experiment

Phosphorylation of 50 Wg of wild-type or mutated
SPRs by protein kinases was conducted at 25³C for
60 min in a ¢nal volume of 100 Wl. The reaction with
CaM KII was performed in a reaction mixture con-
taining 50 mM Tris^HCl bu¡er (pH 7.5), 0.5 Wg
CaM KII, 0.5 WM calmodulin, 100 WM ATP, 2 mM
magnesium acetate, and 0.15 mM CaCl2. Phosphor-
ylations by PKC, PKA, and PKG were performed as
described by Katoh et al. [19]. Phosphorylation by
MAP kinase was performed in 50 mM HEPES (pH
7.5), 1 mM dithiothreitol, 100 WM ATP, and 5 mM
magnesium chloride. Phosphorylation by tyrosine ki-
nase was performed in 50 mM Tris^HCl (pH 7.4),
containing 100 WM ATP and 3 mM manganese chlo-
ride, and that by casein kinase II, in 50 mM Tris^
HCl (pH 7.5) with 100 WM ATP.

2.4. Immunoblotting with anti-phospho-amino acid
antibody

SDS^PAGE of the subunit SPR on a 12.5% gel
was performed according to Laemmli [22], and pro-
teins on the gel were transferred to a polyvinylidene
£uoride (PVDF) membrane. The membrane was
rinsed with 50 mM Tris^HCl (pH 7.5) and 150
mM NaCl (A bu¡er) and blocked overnight with A
bu¡er containing 3% skim milk. The membrane was
incubated for 2 h with a diluted solution of the pri-
mary antibody (biotin-labeled monoclonal anti-phos-
pho-Ser/Thr/Tyr antibody) made with A bu¡er con-
taining 3% bovine serum albumin and then washed
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with A bu¡er containing 1% Triton X-100 two times
(10 min each). The membrane was then incubated
with a solution of streptavidin^biotin-labeled peroxi-
dase complex (Wako, Japan) for 20 min and washed
with A bu¡er three times (10 min each). For visual-
ization of the immunoreactive proteins, the mem-
brane was incubated with Luminol luminescence so-
lution (Wako). The excited membrane in the
enhanced chemiluminescence reaction mixture was
exposed to X-ray ¢lm. Quanti¢cation of the immu-
noreactivity corresponding to the phospho-SPR
bands was done by densitometry, using NIH image
software.

2.5. Detection of 32P in phosphorylated amino acids

Native rSPR (0.5 mg), puri¢ed from rat erythro-
cytes [23], was incubated for 10 min at 25³C in a
reaction mixture containing 50 mM Tris^HCl bu¡er
(pH 7.5), 0.5 Wg CaM KII, 0.5 WM calmodulin, 100
WM [Q-32P]ATP (3000 cpm/pmol), 2 mM magnesium
acetate, and 0.15 mM CaCl2. After SDS^PAGE of
the reaction mixture as described by Laemmli [22],
the radioactive band was cut out from the gel and
hydrolyzed in 6 N HCl at 110³C for 3 h. Amino
acids were separated by thin-layer chromatography
(TLC). The excited plate was exposed to X-ray ¢lm
and analyzed by densitometry.

2.6. Fractionation by protease

Puri¢ed recombinant wild-type rSPR (0.3 mg of
protein) was phosphorylated by CaM KII and di-
gested with endoprotease Lys-C at 37³C for 12 h.
Fragments were separated by reverse-phase HPLC
using a Sephasil protein column (4.6U250 mm) and
elution with a linear gradient of 0^72% acetonitrile in
0.06% tri£uoroacetic acid at a £ow rate of 1 ml/min
under detection at 215 nm. Amino acid sequences of
the puri¢ed fragments were determined with a PPSQ-
21 gas-phase protein sequencer (Shimadzu, Japan)
with the chemicals and program supplied by the
manufacturer.

2.7. Construction of point mutants of rSPR

Point mutants were constructed using a Quik-
Change site-directed mutagenesis kit (Stratagene,

CA, USA). The mutagenic sense primers were 5P-
GACGCGATGCTGCGGCAACTGAAGGAGGA-
ACTCTG-3P for changing S46 to A, 5P-GGGTGC-
TGGCCTATGCCCCAGGGCCCCTGGACACC-3P
for changing S196 to A, and 5P-GCAGCAGTTGG
CCCGAGAAACCGCCATGGACCCAG-3P for
changing S214 to A. Antisense primers were pre-
pared as the same sequences on the opposite strands
of the plasmid. The double point mutants (S46-
A196-A214, A46-S196-A214, A46-A196-S214) and
triple mutant (A46-A196-A214) were constructed by
performing PCR two and three times, respectively.
The point mutant of hSPR (S213 change to A) was
constructed using primer 5P-CCGGGAGACCGCC-
GTGGACC-3P. The DNA sequences of all mutants
were checked by the dideoxynucleotide chain-termi-
nation method with a dye terminator sequencing kit
(Applied Biosystems, USA). Expressed mutated
rSPR proteins in E. coli were puri¢ed by ammonium
sulfate fractionation and a¤nity chromatography
[21] and checked by Western blotting with rSPR
antibody.

2.8. SPR assay and kinetic studies

SPR activity was photometrically measured by the
reduction of sepiapterin [24]. Steady-state kinetic ex-
periments with SPR were performed as described
previously [23]. The standard assay mixture con-
tained 100 mM sodium phosphate bu¡er, pH 6.4,
containing 100 nmol sepiapterin and 200 nmol
NADPH. The reaction was initiated by the addition
of enzyme, and activity was monitored by the change
in absorbance caused by the reduction of sepiapterin
at 420 nm (Hitachi Spectrophotometer U-3210). As-
says were performed at 25³C.

2.9. Protein determination

Protein concentration was determined by measur-
ing the absorbance at 280 nm, with bovine serum
albumin as a standard (Hitachi Spectrophotometer
U-3210).

3. Results and discussion

Puri¢ed recombinant wild-type rSPR was incu-
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bated in the phosphorylating systems of CaM KII,
PKC, PKA, PKG, MAP kinase, casein kinase II, or
tyrosine kinase. After SDS^PAGE, phosphorylated
amino acids were detected using monoclonal anti-
phospho-Ser, -Thr, and -Tyr antibodies (Fig. 1A).
The recombinant rSPR was speci¢cally phosphory-
lated by CaM KII and PKC only (Fig. 1A), as was
previously reported by Katoh et al. [19] for the na-
tive SPR puri¢ed from rat erythrocytes. Although
CaM KII is a Ser/Thr protein kinase, Ser was the
only type of residue of recombinant rSPR phosphor-
ylated by CaM KII (Fig. 1A). When the native SPR
puri¢ed from rat erythrocytes was incubated in the

phosphorylating systems of CaM KII in the presence
of [Q-32P]ATP and then hydrolyzed in HCl, radioac-
tivity was certainly detected in phospho-Ser by TLC
(Fig. 1B). Therefore, in subsequent experiments the
phosphorylation sites of recombinants and mutants
of rSPR were detected by immunoblotting with the
anti-phospho-Ser antibody.

To determine the critical sites of phosphorylation
in rSPR by CaM KII, we cleaved maximally phos-
phorylated rSPR with endoprotease Lys-C, and sep-
arated the resulting peptide fragments by HPLC. The
elution pro¢le is shown in Fig. 2A. Each peptide was
collected and detected by dot blot analysis with
monoclonal anti-phospho-Ser antibody. The phos-
phorylated peptides, SPRP1 and SPRP2, were ob-
tained from the column after 36 min (V40% aceto-
nitrile) and 45 min (V50% acetonitrile), respectively.
These peptides were applied to the gas-phase protein
sequencer. The N-terminal sequences of the peptides,
Val-Pro-Met-Glu-Gly-Gly- (SPRP1) and Ala-Ala-
Arg-Asp-Met-Leu-Tyr-Gln- (SPRP2), were obtained
and conformed to the amino acid sequence of rSPR
(Fig. 2B, double underlines). The consensus sequen-
ces of the phosphorylation motifs (X-Arg-X-X-Ser*/
Thr* or X-Arg-X-X-Ser*/Thr*Val, asterisks indicat-
ing the phosphorylated residue) speci¢cally recog-
nized by CaM KII have been reported [25,26].
rSPR [27,28] also has three identical motifs (X-Arg-
X-X-Ser/Thr; Fig. 2B, underlines), and these ¢t the
amino acid sequence of the phosphorylated peptides
(SPRP1 and SPRP2) perfectly, thus suggesting that
these three Ser residues (S46, S196, and S214) are
phosphorylated by CaM KII.

Fig. 1. Amino acid residue of rSPR phosphorylated by CaM
KII. (A) Wild-type rSPR (50 Wg) was incubated in the phos-
phorylating systems of several protein kinases (¢nal volume of
100 Wl). Phosphorylated amino acids were detected using mono-
clonal anti-phospho-Ser, -Thr, and -Tyr antibodies. (B) Native
rSPR (500 Wg) was added to a reaction mixture containing
[Q-32P]ATP. Puri¢ed radioactive SPR separated by SDS^PAGE
was then hydrolyzed in HCl, and the amino acids were sepa-
rated by TLC. The excited plate was exposed to X-ray ¢lm,
after which the ¢lm was analyzed by densitometry.

Table 1
Kinetic parameters of phosphorylated and non-phosphorylated SPRs

Sepiapterin NADPH

Km (WM) kcat (s31) kcat/Km (s31 WM31) Km (WM) kcat (s31) kcat/Km (s31 WM31)

Non-phosphorylated rSPR
(wild-type)

12.6 9.7 0.8 2.8 11.1 4.0

Phosphorylated rSPR (wild-type) 11.5 8.5 0.7 2.7 10.7 4.0
Non-phosphorylated rSPR
(A46A196A214)

12.2 8.9 0.7 2.5 10.5 4.2

Non-phosphorylated hSPR
(wild-type)

14.3 1.1 0.08 10.0 1.1 0.1

Phosphorylated hSPR (wild-type) 13.7 1.3 0.09 12.3 1.5 0.1
Non-phosphorylated hSPR (S213CA) 13.5 1.3 0.09 11.5 1.3 0.1
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To prove that these Ser residues were phosphory-
lated by CaM KII, we prepared mutant rSPRs (S46-
A196-A214, A46-S196-A214, A46-A196-S214, and
A46-A196-A214), in which two or three Ser residues
were changed to Ala, by site-directed mutagenesis,
expressed the mutant rSPRs in E. coli, and puri¢ed
them by ammonium sulfate fractionation and a¤nity
chromatography. Puri¢ed mutant rSPRs were incu-
bated in the phosphorylating system of CaM KII.
After SDS^PAGE, the proteins were electroblotted
onto a PVDF membrane, and phosphorylated pro-

tein was detected by monoclonal anti-phospho-Ser
antibody (Fig. 3A). The mutants in which one Ser
residue remained (S46-A196-A214, A46-S196-A214,
and A46-A196-S214) were phosphorylated by CaM
KII, but the mutant in which all three Ser had been
changed to Ala (A46-A196-A214) was not phosphor-
ylated at all. This result shows that each of the three
Ser residues was phosphorylated by CaM KII. Also,
we examined the phosphorylation site of hSPR. The
primary structure of hSPR as deduced from its
cDNA sequence [29] contains only one CaM KII

Fig. 2. Peptide mapping and localization of phosphorylation site motifs of rSPR. (A) Wild-type rSPR was phosphorylated by CaM
KII. Phosphorylated rSPR (0.3 mg of protein) was digested with endoprotease Lys-C, and the peptide fragments were separated by re-
verse-phase HPLC. Peptides were eluted by a linear gradient of 0^72% acetonitrile, and each peptide was collected and detected by
dot blotting with monoclonal anti-phospho-Ser antibody. (B) Primary structure of rSPR. Double underlines indicate N-terminal amino
acid sequences of SPRP1 and SPRP2, underlines indicate CaM KII phosphorylation motif (Arg-X-X-Ser/Thr), and closed boxes indi-
cate lysine residues.
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phosphorylation motif (Arg-X-X-Ser/Thr), which in-
volves S213. So we constructed a point mutant hSPR
in which S213 was changed to Ala by site-directed
mutagenesis. This mutant of hSPR was not phos-
phorylated by CaM KII (Fig. 3A), indicating that
S213 of hSPR was phosphorylated by CaM KII.
Phosphorylation levels of SPR mutants reacted
with CaM KII are shown in Fig. 3B. Phosphoryla-
tion levels of double point mutants (S46-A196-A214,
A46-S196-A214, and A46-A196-S214) were nearly
one-third of the level for the wild-type rSPR. The
level of phosphorylation of the wild-type hSPR phos-
phorylation was also about 30% of that of the wild-
type rSPR. It was earlier reported that the maximal
incorporation of phosphate into rSPR and hSPR
subunits by CaM KII was 3 and 1 32P mole/mole
enzyme subunit, respectively [19,30,31]. From these
reports and the results of this study, we can conclude
that the phosphorylation sites recognized by CaM

KII are S46, S196, and S214 of rSPR, and S213 of
hSPR.

The e¡ect of phosphorylation of these Ser residues
on the enzyme activity was also examined. Mutant or
wild-type SPR was incubated with CaM KII under
the conditions in which SPR was maximally phos-
phorylated [19], and then the kinetic parameters of
SPR were measured with respect to sepiapterin and
NADPH (Table 1). The non-phosphorylated mu-
tants of rSPR (A46-A196-A214) and hSPR (S213
changed to Ala) showed values of Km and kcat for
sepiapterin and NADPH similar to those of the non-
phosphorylated and phosphorylated wild-types of
rSPR and hSPR, respectively. These results for
rSPR are quite similar to those reported earlier by
Katoh et al. [19]. As for other BH4-generating en-
zymes, GTP cyclohydrolase I was phosphorylated by
casein kinase II and PKC, and phosphorylated GTP
cyclohydrolase I showed increased activity compared
with the non-phosphorylated enzyme [32]. Also, 6-
pyruvoyltetrahydropterin synthase was phosphory-
lated by PKG, and a mutant of this enzyme (S19A)
showed only about 30% of the activity of the wild-
type when both recombinants were expressed in
COS-1 cells [33]. BH4-requiring enzymes such as
phenylalanine hydroxylase and tryptophan hydroxy-
lase are regulated in their activities by phosphoryla-
tion by CaM KII [16,18]. Tyrosine hydroxylase,
however, does not undergo a change in its activity
when phosphorylated by CaM KII [17], as was seen
in the phosphorylation of SPR in this study (Table
1). On the other hand, it is quite interesting that
tyrosine hydroxylase, which is once phosphorylated
at Ser 19 by CaM KII, can bind 14-3-3 protein and
show high activity [17]. Also, it was observed that
SPR phosphorylated by CaM KII becomes markedly
sensitive to calpain, a Ca2�-activated protease
[20,30]. This ¢nding suggests that phosphorylation
of SPR by Ca2�-dependent protein kinase may a¡ect
the susceptibility of SPR to Ca2�-activated proteases
or other functions rather than the activity of this
enzyme.
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[4] L. Bonafë, B. Tho«ny, J.M. Penzien, B. Czarnecki, N. Blau,
Mutations in the sepiapterin reductase gene cause a novel
tetrahydrobiopterin-dependent monoamine-neurotransmitter
de¢ciency without hyperphenylalaninemia, Am. J. Hum.
Genet. 69 (2001) 269^277.

[5] M.A. Tayeh, M.A. Marletta, Macrophage oxidation of L-
arginine to nitric oxide, nitrite, and nitrate. Tetrahydrobiop-
terin is required as a cofactor, J. Biol. Chem. 263 (1989)
19654^19658.

[6] N.S. Kwon, C.F. Nathan, D.J. Stuehr, Reduced biopterin as
a cofactor in the generation of nitrogen oxides by murine
macrophages, J. Biol. Chem. 264 (1989) 20409^20501.

[7] K.U. Schallreuter, J. Moor, A.J. Thody, T.J. Jenner, A.
Graham, N.J. Lindsey, J.M. Wood, Pteridines and K-MSH
in the control of pigmentation in the human epidermis, Pter-
idines 8 (1997) 98.

[8] J. Moor, J.M. Wood, K.U. Schallreuter, Studies on the
structure of the 6BH4/(K-MSH) complex formation using
FT-raman spectroscopy, Pteridines 8 (1997) 171^172.

[9] M.B. Kennedy, M.K. Bennett, R.F. Bulleit, N.E. Erondu,
V.R. Jennings, S.G. Miller, S.S. Molloy, B.L. Patton, L.J.
Schenker, Structure and regulation of type II calcium/cal-
modulin-dependent protein kinase in central nervous system
neurons, Cold Spring Harb. Symp. Quant. Biol. 55 (1990)
101^110.

[10] A.P. Braun, H. Schulman, The multifunctional calcium/cal-
modulin-dependent protein kinase: from form to function,
Annu. Rev. Physiol. 57 (1995) 417^445.

[11] M.K. Bennett, N.E. Erondu, M.B. Kennedy, Puri¢cation
and characterization of a calmodulin-dependent protein ki-
nase that is highly concentrated in brain, J. Biol. Chem. 258
(1983) 12735^12744.

[12] P. Greengard, F. Valtorta, A.J. Czernik, F. Benfenati, Syn-
aptic vesicle phosphoproteins and regulation of synaptic
function, Science 259 (1993) 780^785.

[13] A.P. DÖskeland, C.M. Schworer, S.O. DÖskeland, T.D.
Chrisman, T.R. Soderling, D.C. Corbin, T. Flatmark,
Some aspects of the phosphorylation of phenylalanine 4-

monooxygenase by a calcium-dependent and calmodulin-de-
pendent protein kinase, Eur. J. Biochem. 145 (1984) 31^37.

[14] J. Atkinson, N. Richtand, C. Schworer, R. Kuczenski, R.T.
Soderling, Phosphorylation of puri¢ed rat striatal tyrosine
hydroxylase by Ca2�/calmodulin-dependent protein kinase
II: e¡ect of an activator protein, J. Neurochem. 49 (1987)
1241^1249.

[15] T. Yamauchi, H. Fujisawa, Puri¢cation and characterization
of the brain calmodulin-dependent protein kinase (kinase II),
which is involved in the activation of tryptophan 5-mono-
oxygenase, Eur. J. Biochem. 132 (1983) 15^21.

[16] A.P. DÖskeland, O.K. Vintermyr, T. Flatmark, R.G.H. Cot-
ton, S.O. DÖskeland, Phenylalanine positively modulates the
cAMP-dependent phosphorylation and negatively modulates
the vasopressin-induced and okadaic-acid-induced phos-
phorylation of phenylalanine 4-monooxygenase in intact
rat hepatocytes, Eur. J. Biochem. 206 (1992) 161^170.

[17] C. Itagaki, T. Isobe, M. Taoka, T. Natsume, N. Nomura, T.
Horigome, S. Omata, H. Ichinose, T. Nagatsu, L.A. Greene,
T. Ichimura, Stimulus-coupled interaction of tyrosine hy-
droxylase with 14-3-3 proteins, Biochemistry 38 (1999)
15673^15680.

[18] T. Ichimura, J. Uchiyama, O. Kunihiro, M. Ito, T. Hori-
gome, S. Omata, F. Shinkai, H. Kaji, T. Isobe, Identi¢cation
of the site of interaction of the 14-3-3 protein with phosphor-
ylated tryptophan hydroxylase, J. Biol. Chem. 270 (1995)
28515^28518.

[19] S. Katoh, T. Sueoka, Y. Yamamoto, Y.S. Takahashi, Phos-
phorylation by Ca2�/calmodulin-dependent protein kinase II
and protein kinase C of sepiapterin reductase, the terminal
enzyme in the biosynthetic pathway of tetrahydrobiopterin,
FEBS Lett. 341 (1994) 227^232.

[20] K. Kawai, K. Fujimoto, A. Okamoto, A. Inaba, H. Yama-
da, S. Katoh, Transient activation of dihydropteridine re-
ductase by Ca2�-activated proteolysis, Zool. Sci. 17 (2000)
437^443.

[21] K. Fujimoto, H. Ichinose, T. Nagatsu, T. Nonaka, Y. Mit-
sui, S. Katoh, Functionally important residues tyrosine-171
and serine-158 in sepiapterin reductase, Biochim. Biophys.
Acta 143 (1999) 306^314.

[22] U.K. Laemmli, Cleavage of structural proteins during the
assembly of the head of bacteriophage T4, Nature 227
(1970) 680^685.

[23] T. Sueoka, S. Katoh, Puri¢cation and characterization of
sepiapterin reductase from rat erythrocytes, Biochim. Bio-
phys. Acta 717 (1982) 265^271.

[24] S. Katoh, Sepiapterin reductase from horse liver: puri¢ca-
tion and properties of the enzyme, Arch. Biochem. Biophys.
146 (1971) 202^214.

[25] R.J. Colbran, C.M. Schworer, Y. Hashimoto, Y.L. Fong,
D.P. Rich, M.K. Smith, T.R. Soderling, Calcium/calmodu-
lin-dependent protein kinase II, Biochem. J. 258 (1988) 313^
325.

[26] R.B. Pearson, B.E. Kemp, Protein kinase phosphorylation
site sequences and consensus speci¢city motifs: tabulations,
Methods Enzymol. 200 (1991) 62^81.

BBAPRO 36523 24-1-02

K. Fujimoto et al. / Biochimica et Biophysica Acta 1594 (2002) 191^198 197



[27] R. Oyama, S. Katoh, T. Sueoka, M. Suzuki, H. Ichinose, T.
Nagatsu, K. Titani, The complete amino acid sequence of
the mature form of rat sepiapterin reductase, Biochem. Bio-
phys. Res. Commun. 173 (1990) 627^631.

[28] B.A. Citron, S. Milstien, J.C. Gutierrez, R.A. Levine, B.L.
Yanak, S. Kaufman, Isolation and expression of rat liver
sepiapterin reductase cDNA, Proc. Natl. Acad. Sci. USA
87 (1990) 6436^6440.

[29] H. Ichinnose, S. Katoh, T. Sueoka, K. Titani, K. Fujita,
K.T. Nagatsu, Cloning and sequencing of cDNA encoding
human sepiapterin reductase, Biochem. Biophys. Res. Com-
mun. 179 (1991) 183^189.

[30] S. Imagawa, A. Okamoto, K. Fujimoto, Control of biopterin
generating enzymes in sympathetic nervous system by Ca2�-
dependent phosphorylation, Meikai Univ. Dent. J. 27 (1998)
147^157.

[31] S. Katoh, K. Fujimoto, A. Inaba, A. Tomomura, K. Haino,
Y. Yamamoto, S. Takahashi, Ca2�-dependent phosphoryla-
tion and proteolysis of tetrahydrobiopterin generating en-
zymes, in: W. P£eiderer, H. Rokos (Eds.), Chemistry and
Biology of Pteridines and Forates, Blackwell Science, Berlin,
1997, pp. 635^638.

[32] C. Hesslinger, E. Kremmer, L. Hu«lter, M. Ue¤ng, I. Ziegler,
Phosphorylation of GTP cyclohydrolase I and modulation
of its activity in rodent mast cells. GTP cyclohydrolase I
hyperphosphorylation is coupled to high a¤nity IgE recep-
tor signaling and involves protein kinase C, J. Biol. Chem.
273 (1998) 21616^21622.

[33] T. Scherer-Oppliger, W. Leimbacher, N. Blau, B. Tho«ny,
Serine 19 of human 6-pyruvoyltetrahydropterin synthase is
phosphorylated by cGMP protein kinase II, J. Biol. Chem.
274 (1999) 31341^31348.

BBAPRO 36523 24-1-02

K. Fujimoto et al. / Biochimica et Biophysica Acta 1594 (2002) 191^198198


