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Abstract

The first step in the biosynthesis of melatonin in the pineal gland is the hydroxylation of tryptophan to 5-
hydroxytryptophan. A cDNA of human tryptophan hydroxylase (TPH) was cloned from a library of human pineal gland
and expressed in Escherichia coli. This cDNA sequence is identical to the cDNA sequence published from the human
carcinoid tissue [1]. This human pineal hydroxylase gene encodes a protein of 444 amino acids and a molecular mass of 51
kDa estimated for the purified enzyme. Tryptophan hydroxylase from human brainstem exhibits high sequence homology
(93% identity) with the human pineal hydroxylase. The recombinant tryptophan hydroxylase exists in solution as tetramers.
The expressed human pineal tryptophan hydroxylase has a specific activity of 600 nmol/min/mg when measured in the
presence of tetrahydrobiopterin and L-tryptophan. The enzyme catalyzes the hydroxylation of tryptophan and phenylalanine
at comparable rates. Phosphorylation of the hydroxylase by protein kinase A or calmodulin-dependent kinase II results in
the incorporation of 1 mol of phosphate/mol of subunit, but this degree of phosphorylation leads to only a modest (30%)
increase in BHy-dependent activity when assayed in the presence of 14-3-3. Rapid scanning ultraviolet spectroscopy has
revealed the formation of the transient intermediate compound, 4o-hydroxytetrahydrobiopterin, during the hydroxylation of
either tryptophan or phenylalanine catalyzed by the recombinant pineal TPH. © 1999 Elsevier Science B.V. All rights
reserved.
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14-3-3, members of an abundant mammalian brain protein family that migrate to a particular pattern on two-dimensional DEAE-
cellulose chromatography
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1. Introduction

Tryptophan hydroxylase (TPH; EC 1.14.16.4) cat-
alyzes the initial step in the biosynthesis of serotonin
in the serotonergic neuron and of melatonin in the
pineal gland [2]. Tryptophan hydroxylase catalyzes
the following reaction:

L — tryptophan + O, + BH4 —
5 — hydroxytryptophan+
quinonoid H, biopterin + H,O

In mammals, TPH is expressed in a limited number
of tissues, mainly the brainstem raphe nuclei [3], and
the pineal gland [4] and is associated with neurons
innervating the gut [5]. Serotonin has been implicated
in a wide range of physiological functions, such as
blood pressure control, sleeping behavior and appe-
tite. In addition, malfunction of serotonergic neurons
has been implicated in various psychiatric disorders
such as depression and impulsive behaviors such as
aggression, suicide, and drug abuse [6,7].

The cDNA encoding rabbit and rat TPH have
been cloned from pineal gland. This was followed
by the isolation of homologous human and mouse
cDNA from carcinoid cell line and mastocytoma
cDNA [1,8-10]. Only recently, the catalytically active
forms of the human and rat recombinant TPH have
been cloned and expressed [11-14]. One major prob-
lem has been the instability and insolubility of TPH
expressed in Escherichia coli. The problem of the in-
solubility of the cloned enzyme and its occurrence in
inclusion bodies has been partially overcome by ex-
pressing the enzyme in fusion expression systems in
E. coli [14,15]. On the other hand, expression as a
fusion protein can lead to problems due to the in-
ability to cleave the TPH from fusion protein [14,15].
Recently, the expression and characterization of the
catalytic core of TPH has been reported but none of
its regulatory properties have been investigated [16].
In the present report, we describe for the first time
the cloning, expression and purification of recombi-
nant human pineal TPH in a bacterial system that
circumvents the problems of the enzyme’s insolubil-
ity, instability and its presence in inclusion bodies.

A number of laboratories have reported that TPH
can be activated by CaMKII and PKA in the pres-

ence of an activator now identified as a member of
the family of proteins named 14-3-3 [17-19]. Recent
studies with recombinant rabbit TPH have provided
some insight into the molecular mechanism of acti-
vation of phosphorylated TPH by 14-3-3 [20]. In the
present study, we have demonstrated that 14-3-3 is
also able to stimulate the activity of phosphorylated
pineal TPH. With the pure TPH, we have also suc-
ceeded in demonstrating the formation of 4o-hydrox-
ytetrahydrobiopterin as a product of the hydroxyla-
tion of tryptophan to 5-hydroxytryptophan and have
shown that pterin carbinolamine dehydratase can
stimulate the hydroxylation reaction.

2. Materials and methods
2.1. Materials

Plasmid vector pET20b+ was obtained from No-
vagen. Host E. coli strains DHS5 were from Bethesda
Research Labs (Bethesda, MD) and BL21 (DE3) was
obtained from Novagen. Restriction endonucleases
and T4 DNA ligase were obtained from Bethesda
Research Labs and New England Biolabs (Beverly,
MA). Dideoxy sequencing reagents were from US
Biochemicals and were used according to the manu-
facturer’s recommendations. Reagents for the po-
lymerase chain reaction were obtained from Perkin-
Elmer (Norwalk, CT).

Bacterial growth medium was LB [21] (0.5% NaCl,
1% tryptone, 0.5% yeast extract) supplemented with
100 pg/ml ampicillin, 0.1 mM ferrous ammonium
sulfate, and 0.6 mM isopropyl-B-p-thiogalactopyra-
noside (IPTG) (for induction).

Phenylalanine, glucose 6-phosphate, tryptophan,
glucose-6-phosphate dehydrogenase (from Leuconos-
toc mesenteroides), dihydropteridine reductase and
protein kinase A, catalytic subunit, were obtained
from Sigma. CaMKII and recombinant 14-3-3 (
form) from bovine brain were purchased from Up-
state Biotechnology (Lake Placid, NY). (6R)-Tetra-
hydrobiopterin,  (7R,S)-tetrahydrobiopterin  and
(6R,S)-methyltetrahydropterin and 6,7-dimethyltetra-
hydropterin were obtained from Dr. B. Shircks labo-
ratory (Jona, Switzerland). [y->’P]JATP was pur-
chased from New England Nuclear (Boston, MA).
Catalase was obtained from Boehringer Mannheim.
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Trifluoroperazine was purchased from Calbiochem.
Recombinant rat dehydratase was purified from E.
coli as described previously [22].

2.2. Methods

The TPH was cloned from a human pineal gland
cDNA library (generous gift from Dr. David Klein,
NIH). The fragment of DNA containing only the
open reading frame was isolated directly from the
library by means of PCR and ligated into the expres-
sion vector pET20b+. Oligonucleotides GGAATTC-
CATATGATTGAAGACAATAAGGAGAACAAA
(which incorporates a Ndel site immediately prior to
the start codon) and CGGGATCCCGTTAGA-
TACTC GGCTTCCTGC TGA CCTT (which incor-
porates a BamHI site after the stop codon) were used
for this purpose. Optimum recovery of the TPH
cDNA was achieved with 2 ul of cDNA library in
a 100 ul reaction volume. Prior to the addition of the
enzyme, the reaction mixture containing the primers
and the template was melted by incubation at 94°C
for 5 min, and then the reaction was immediately
started by the addition of Tag polymerase. The re-
action was subjected to 30 cycles of the PCR reaction
of 1 min at 94°C, 2 min at 45°C and 3 min at 72°C.
Several clones were isolated and subcloned in
pET20b+. Both strands of each tryptophan hydroxy-
lase clone were sequenced with the Sequenase se-
quencing kit. The correct sequence fragment (1.35
kb) obtained was subcloned in pET20b+ (named
pDKTPH).

2.3. Preparation of pterin-agarose column

The coupling of 2-amino-4-hydroxy-6,7-dimethyl-
tetrahydropteridine to substituted agarose ECH
Sepharose 4B Media (Pharmacia) was carried out by
a modification of a published method [23]. Six ml of
gel washed with distilled water was resuspended in
6 ml of distilled water. The gel suspension was flushed
with argon for 10 min and then 60 mg of 2-amino-4-
hydroxy-6,7-dimethyltetrahydropteridine  (dissolved
in 5 mM HCIl) was added dropwise. The pH of the
suspension was immediately adjusted to pH 5.0 with
0.5 M NaOH. The coupling reagent 1-ethyl-3-(3’-di-
methylaminopropyl)carbodiimide hydrochloride (500
mg), dissolved in 3 ml of water, was added to the

mixture which was kept under a stream of argon.
After the addition of the coupling reagent, the pH
was again adjusted to 5.0 and the mixture was stirred
under a stream of argon for 10 min. The mixture was
sealed and shielded from light with aluminum foil
and then shaken for 15 h at room temperature.
The pterin content of the gel was determined as de-
scribed previously [23]; for a typical preparation, a
pterin content 8-10 pmol of pterin/g of wet gel was
obtained.

2.4. Bacterial expression and purification

The pineal TPH expression vector (pDKTPH) was
transformed into the bacterial strain BL21[DE3] as
described by Novagen. Cells containing pDKTPH
were grown to mid-log phase in the presence of am-
picillin in LB broth at room temperature and in-
duced overnight with 0.5 mM IPTG (isopropylthio-
galactopyranoside), with the simultaneous addition
of 0.1 mM ferrous ammonium sulfate. The cells
were harvested by centrifugation at 1000 X g and re-
suspended in 100 ml of sonication buffer (50 mM
Tris-acetate pH 7.6 containing 2 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 2 pg/ml of leu-
peptin, 1 pg/ml of pepstatin, 2 ug/ml of aprotinin
and 1 pug/ml of DNase). The cell suspension was
sonicated on ice five times for 30 s on/off with a
sonicator Ultrasonic Model W-225 processor with
the maximal power set at 45% amplitude. The homo-
genate was centrifuged at 14000X g at 4°C for 30
min. The supernatant was brought to 50% saturation
with ammonium sulfate and stirred for 20 min at
4°C. The mixture was centrifuged at 14000X g at
4°C for 30 min and the resulting precipitate dissolved
in 20 ml of the equilibration buffer (10 mM sodium
phosphate (pH 7.0) containing 10% glycerol, 0.06%
Tween 20, 50 uM EDTA and 1 mM tryptophan
(buffer A). The solution of the dissolved precipitate
was then applied to a column of pterin-agarose [24]
which had previously been equilibrated with 3 bed
volumes of buffer A. The column was first washed
with 50 ml of 50 mM Tris-acetate buffer (pH 7.6)
containing 2 M NaCl, 2 mM DTT and 5 mg of
catalase, followed by 20 ml of 50 mM Tris-acetate
buffer pH 7.6 containing 0.5 M NaCl, 2 mM DTT to
remove the catalase and finally with 20 ml of buffer
B (10 mM sodium phosphate (pH 7.0) containing
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10% glycerol, 0.06% Tween 20, 50 uM EDTA) to
remove unbound protein. The enzyme was then
eluted with 10 mM NaHCO3;/NaOH buffer pH 10.8
and then immediately assayed by the fluorometric
determination of 5-hydroxytryptophan [25] produced
from 2-10 pg of protein. The active fractions were
pooled and immediately adjusted to pH 7.0 with 2 M
Tris-acetate buffer pH 6.4. To the pooled fractions,
NacCl, glycerol, Tween 20 and EDTA were added to
a final concentration of 0.1 M, 10%, 0.06% and 50
UM, respectively, to stabilize the enzyme. The en-
zyme was concentrated on Filtron 30K and then
loaded onto a column of Sephacryl 300 (1.6X60
cm) equilibrated with buffer B. The active fractions
which elute from the column after 100 ml in a total
volume of 25 ml, were pooled and concentrated on
Filtron 30K. The enzyme was stored at —80°C until
needed. Protein concentrations were determined by
the method of Lowry with bovine serum albumin
as standard [26]. SDS-PAGE was performed with
Novex (San Diego, CA) minicell precast 10% poly-
acrylamide gels following the procedure of Laemmli
[27]. Gels were stained with FAST-STAIN (Zoion
Research).

2.5. Phosphorylation of recombinant human pineal
TPH

Phosphorylation of the recombinant human pineal
TPH (100 pg) was carried out at 30°C in a reaction
mixture containing 50 mM Tris-acetate pH 7.6, 5 mM
MgCl,, 0.1 mM of CaCl,, 0.5 mM ATP, 0.5 uCi of
[y->PJATP, 2 ug of calmodulin, and 1 pg of CaMKII
in a final volume of 200 ul; 10 pul aliquots were with-
drawn and the reaction was quenched at various time
intervals by the addition of 10 ul of 100% trichloro-
acetic acid and the resulting precipitate was collected
by centrifugation. After the removal of the super-
natant, the pellet was dissolved in 0.1 M NaOH
and precipitated again with trichloroacetic acid.
This procedure was repeated three times and the final
pellets were dissolved in 0.1 M NaOH and the incor-
poration of radioactivity was determined. Phospho-
rylation of the recombinant human pineal TPH by
PKA was performed as described above except that
the incubation mixture contained: 50 mM Tris-ace-
tate pH 7.6, 5 mM MgCl,, 2 mM DTT and 10 pg of
PKA.

2.6. Measurement of activity of recombinant human
pineal TPH

Phosphorylation of TPH by either CaMKII or
PKA was first stopped by the addition of 1 mM
trifluoroperazine in the case of CaMKII or with
1 mM ATP for PKA [28] and then assayed at various
time intervals for activity in a final volume of 100 ul.
The standard assay mixture contained: 50 mM of
Tris-acetate pH 7.6, DTT 2 mM, catalase 50 pg,
tryptophan 250 uM, ferrous ammonium sulfate 0.1
mM, glucose 6-phosphate 20 mM, NADH 2 mM,
excess of glucose-6-phosphate dehydrogenase and
DHPR; the reaction was initiated by the addition
of 250 uM BHy. The concentration of BHy utilized
in these experiments did not show any substrate in-
hibition; inhibition was observed at concentrations
of BH4 > 500 uM. The reactions were quenched at
various time intervals by the addition of 70%
perchloric acid. After the removal of the resulting
precipitate by centrifugation, 5-hydroxytryptophan
was measured fluorometrically [25]. The assays were
performed in the presence and absence of 10 pg of
14-3-3 protein.

2.7. High pressure gel filtration

HPLC was carried out as described by Kowlessur
et al. [29]. The gel filtration column (TSK-Gel G3000
SW column, 0.75X50 cm) was equilibrated with
buffer B. The protein samples (0.4-0.6 mg/ml) were
applied in a volume of 50-60 ul at a flow rate of 0.5
ml/min at 25°C. The column was calibrated with a
HPLC molecular weight marker protein kit supplied
by US Biochemical Corporation which contains: glu-
tamate dehydrogenase (M, 290 000), lactate dehydro-
genase (M, 142000), enolase (M, 92 000), myokinase
(M; 32000) and cytochrome (M; 12400).

2.8. Chromatofocusing

Purified TPH was run on Mono P HR 5/5 (Phar-
macia Biotech) for chromatofocusing. The starting
buffer, pH 9.4, containing 0.025 mM ethanolamine/
acetic acid was used followed by the eluent (Poly-
buffer 96-acetic acid, Pharmacia Biotech). The elu-
tion of TPH was monitored at 280 nm.
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2.9. 4o-Carbinolamine dehydratase assay

The oxidation of tetrahydrobiopterin by trypto-
phan hydroxylase was monitored at 245 nm for 4o
carbinolamine formation [30-32]. The complete assay
mixture contained 30 mM potassium buffer pH 8.3,
catalase (100 pg/ml), 10 mM glucose 6-phosphate,
2 uM NADH, 600 ug of TPH, 20 uM tryptophan,
and an excess of dihydropteridine reductase and glu-
cose-6-phosphate dehydrogenase. The reaction was
started with the addition of 20 uM BH4. When the
absorbance at 245 nm reached a maximum, dehydra-
tase (5 ug/ml) was added to the reaction mixture.

2.10. Other methods

The oxidation of NADH was monitored at 340 nm
with the use of a Cary 1E spectrophotometer that
was attached to a temperature controller. An extinc-
tion coefficient of 62220 M~ cm™! was used to cal-
culate the amount of NADH oxidized. All measure-
ments were corrected for any non-enzymatic
oxidation of the tetrahydropterins. Except where in-
dicated, reactions were started by the addition of the
tetrahydropterins. Spectra were recorded with a Cary
1E spectrophotometer equipped with a temperature
controller or with a diode array Hewlett Packard
spectrophotometer model 8453 attached to a temper-
ature controller Hewlett Packard model 89090A.

2.11. Miscellaneous methods

4o-Carbinolamine dehydratase was purified by the
method of Huang et al. [33]. Iron analysis was per-
formed by a published procedure [34].

2.12. Data analysis

Kinetic data were analyzed to fit the following
equation

v="V/[1+ (Kn/S") + (S5"/Kis)]

where V is the maximum velocity, Ky, is the apparent
binding constant for the substrate, n is the index of
cooperativity and Kj; accounts for substrate inhibi-
tion. Kinetic parameters were computed by fitting
experimental data by direct fit to the Michaelis-
Menten equation with the Ultrafit Version 2.1, a

non-linear curve fitting program with statistical anal-
ysis for the Apple Macintosh (BIOSOFT, Cam-
bridge, UK) and with SigmaPlot, a scientific graphic
program from Jandel Scientific.

3. Results

3.1. Isolation of a cDNA clone encoding the 50 kDa
subunit of human pineal tryptophan hydroxylase
from human pineal gland cDNA library

A polymerase chain reaction approach was used to
clone the target cDNA. Template DNA mix was
prepared from an amplified pineal cDNA library as
described in Section 2. Two oligonucleotides, which
correspond to the COOH- and NH,-terminal encod-
ing regions of 50 kDA of the pineal cDNA of TPH,
respectively, were utilized as primers. The polymerase
reaction, designed to amplify the entire open reading
frame encoding the 50 kDa subunit, was carried out
as described in Section 2. The reaction conditions for
the polymerase chain reaction are similar to the con-
dition published previously [12] except that annealing
condition was raised from 40°C to 45°C. Agarose gel
electrophoresis analysis of the PCR product revealed
that a single major band was present with the pre-
dicted size of 1.2-1.35 kb.

In order to confirm the identity of the target
DNA, several PCR products were isolated. The
PCR product was purified and digested with selected
restriction enzymes and then sequenced. The results
indicate that the restriction patterns and the sequence
data were in agreement with the published sequence
of cDNA for TPH from carcinoid tissue [1]. Searches
of the protein data bases using the entire 444 amino
acids of pineal TPH revealed significant (> 30%)
identity among the aromatic pterin-dependent hy-
droxylases. Furthermore, the protein that displayed
the highest level of sequence identity (100%) with the
full length sequence of the pineal TPH was the TPH
from carcinoid tissue. Other highly homologous pro-
teins (and their degree of identity to human pineal
gland TPH) determined from searches of the SWISS-
Protein data base using the FASTA search include
carcinoid tissue (100% identity), human brainstem
(96% identity), rabbit pineal gland (95% identity),
rat pineal gland (91% identity) and mouse mastocy-
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Fig. 1. SDS-PAGE of recombinant pineal TPH. Reduced sam-
ples of crude extract (lanes 2 and 3); lanes 3 and 4 contain
TPH purified from the pterin-agarose column, lanes 6 and 7
contain samples from Sephacryl 300 which were run on precast
10% SDS-polyacrylamide gel (Novex) and the protein stained
with Coomassie blue (Zoion). The molecular weight markers
are loaded in lanes 1 and 7.

toma cells (90% identity). Furthermore, the PCR
product was digested with Ndel and BamHI, and
subcloned into the Ndel and BamHI sites of plasmid
pET20Db resulting in pDKTPH. DNA sequence anal-
ysis of a strand of pDKTPH revealed that the plas-
mid contained the full cDNA of human pineal TPH.

The enzyme was estimated to be 90% pure by anal-
ysis on a SDS-polyacrylamide gel (Fig. 1). The mo-
lecular mass of the cloned TPH (monomer) was esti-
mated to be 50 kDa, a value that is the same as that
reported for the human enzyme [12]. When the pure
protein was assayed with (6R)-BHy, it had a specific
activity of 600 nmol/min/mg; a similar value was
obtained when the enzyme was assayed with

Table 1

6MPH,4. The overall purification is summarized in
Table 1. Table 1 shows that the total recovery of
the enzyme units is about 7-10 times higher than
the starting enzyme units. This discrepancy may be
due to unknown endogenous inhibitors of trypto-
phan hydroxylase in the crude extract and the am-
monium sulfate purification steps. To circumvent the
notorious instability of TPH, we attempted to devise
an isolation procedure that uses the fewest possible
steps. Moreover, during all the purification steps, we
included a non-ionic detergent, glycerol and protease
inhibitors. In our experience, we found that the hy-
droxylase is stable in the presence of a non-ionic
detergent and glycerol. The oligomeric composition
of the pineal recombinant enzyme was determined by
high pressure gel filtration on an HPLC column as
described in Section 2. The molecular weight of the
enzyme was calculated from a plot of molecular
weights of the standards against the retention time.
The molecular weight of the enzyme was estimated to
be 200000 £ 10000, corresponding to tetramers with
a retention time of 24 min (data not shown). The
purified enzyme contains between 0.2 and 0.3 mol
of iron per mol of TPH.

3.2. Kinetic properties of the recombinant human
pineal TPH

A kinetic analysis of the activity of the recombi-
nant pineal TPH with tryptophan and phenylalanine
as substrates was carried out to compare them to
published values obtained with human brainstem
and carcinoid TPH. The kinetic parameters of the
recombinant TPH are summarized in Table 2. The
recombinant TPH has similar K, (Sps) values for
tryptophan as those reported for the recombinant
brainstem TPH when assayed in the presence BH4
or 6MPH, [12]. The rates of hydroxylation of tryp-

Purification of cloned pineal human recombinant tryptophan hydroxylase expressed from E. coli

Purification steps Protein (mg) Activity (units)

Specific activity (units/mg) Purification (fold)

Extract 435 195.7
Ammonium sulfate 186 209.3
Pterin-agarose 6.7 1485
Sepharose 3.45 2140

0.45 1

1.13 2.5
222 50
620 138

One unit of enzyme is defined as the amount of enzyme that produces 1 nmol of 5-hydroxytryptophan per min at 37°C.
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tophan in the presence of either BHy or 6MPH, are
very similar when assayed under Vi, conditions
(data not shown). The values for the K, of trypto-
phan when assayed in the presence of either BH4 or
6MPH, are similar except that, in confirmation of
our previous finding [35], substrate inhibition was
observed when the concentration of tryptophan was
greater than 0.2 mM in the presence of BH,4 as co-
factor. Substrate inhibition was also observed with L-
phenylalanine at concentrations greater than 0.045
M. Phenylalanine behaves as a competitive inhibitor
towards tryptophan with a calculated K; value of 150
uM (Fig. 2), a value that is somewhat lower than the
K; of 197 uM found for the rabbit hind brain enzyme
[35].

It has been reported that partially purified TPH
from beef pineal gland can hydroxylate phenylala-
nine in the presence of DMPH, [36] and that the
partially purified enzyme from rabbit hind brain
can hydroxylate phenylalanine in the presence of
BH, [35]. With the recombinant human TPH, the
rate of hydroxylation of phenylalanine in the pres-
ence of BHy was found to be comparable to that of
tryptophan (data not shown). However, their K, val-

Table 2

Michaelis-Menten parameters for tryptophan hydroxylation by
recombinant human pineal tryptophan hydroxylase with BHy4,
6MPH,4, and 7BH4 as cofactors

Cofactor K (cofactor) Ky, (tryptophan)
(M) (HM)

(6R)-BH,4 45 200

6MPH, 75 23

(7R)-BH4 2100 ND

(6R)-BH4 ND 90>

The apparent K., values were determined as described in Sec-
tion 2.2. All experimental data were processed by computer fit
to the Michaelis-Menten equation.

ND, not determined.

4Km shown in the table was determined from Sys (the half-
maximal substrate concentration) where calculation of a true
K was prevented due to substrate inhibition.

bK. for phenylalanine shown in the table was determined from
Sos (the half-maximal substrate concentration of phenylala-
nine). The concentration of (6R)-BH4 used for K, determina-
tion was 250 uM. All of the measurements were carried out in
triplicate; the standard deviation was about 10% of the meas-
ured value. The determination of K, values for the amino acid
substrates were carried out at fixed, saturating concentrations
of BHy and 6MPHj4.

1/v

L 1 ol 1 1 1 1 1 1
€ ©:06 10
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

1/[Tryp]
Fig. 2. Reciprocal plot of rate versus substrate concentration.
Assay conditions are described in Section 2. The concentration
of BHy in the assay was 0.2 mM and that of TPH was 20 pg/
ml; the concentrations of phenylalanine were 50 uM and 100
uM. The rates are expressed as nmol of 5-hydroxytryptophan/
min/mg.

ues differ, the K, for tryptophan being less than one-
fourth that for phenylalanine (Table 2). It has also
been reported that 7BHy4 is a less efficient cofactor
for rabbit brain TPH [37] and that it is also a poor
inhibitor of rabbit brain TPH in the presence of
BH4. In the presence of 0.15 mM tryptophan, the
rate of the TPH catalyzed hydroxylation of trypto-
phan to 5-hydroxytryptophan with 7BHy is only 16%
that of BHy. In good agreement with our previous
value of 1.7 mM for the rabbit brain TPH [37], the
apparent K, for 7BH4 for the recombinant pineal
enzyme is 2.1 mM, almost 50-fold higher than that
of BHy (Table 2). The K, for tryptophan with 7BHy
as the cofactor could not be determined due to the
low rate of hydroxylation and significant substrate
inhibition at tryptophan concentrations greater
than 0.15 mM. An ICsy of 2.1 mM for 7BH4 was
calculated when the enzyme was assayed in the pres-
ence of 0.15 mM tryptophan and 0.1 mM BH,. Var-
ious tryptophan derivatives were also examined for
their inhibitory effect. The end products of the bio-
synthetic pathway or their metabolites, serotonin and
melatonin, did not inhibit at concentrations as high
as 1 mM. L-5-Hydroxytryptophan was the only nat-
urally occurring compound that inhibits the enzyme
with an inhibition constant of 35 uM (data not
shown).
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Fig. 3. (A) Time course of phosphorylation of recombinant
pineal TPH with [y-**P]JATP. TPH (12 ug) was phosphorylated
by either calmodulin-dependent kinase II from rat brain (0.5
ug) or cAMP-dependent protein kinase (1 pg). Phosphorylation
of TPH was carried out in a reaction mixture (50 mM Tris-
HCI, pH 7.6, 5 mM MgCl,, 0.1 mM CaCl,, 0.5 mM ATP, 0.5
uCi of ¥-*P, 2 pg calmodulin and 1 pg CaMKII) and in the
absence of 14-3-3 in a final volume of 200 pl. The reaction was
performed at 30°C. Phosphorylation of TPH by PKA was car-
ried out as described above except that the reaction mixture
contained 2 mM dithiothreitol and 1 ug of PKA. Data are
mean £ S.E.M. (error bars) values of triplicate assays. (B) Acti-
vation of phosphorylated pineal TPH by 14-3-3. Effect of the
recombinant bovine brain 14-3-3 (10 pg) (£ forms) on the activ-
ity of phosphorylated pineal TPH. Control experiments were
carried out with a complete assay system without CaMKII or
PKA. A, activity of TPH phosphorylated by either PKA or
CAMKII in the absence of 14-3-3; ¢, activity of TPH phos-
phorylated by PKA in the presence of 14-3-3; O, activity of
TPH phosphorylated by CAMKII in the presence of 14-3-3.
Data are means + S.E.M. of two experiments carried out in trip-

licate.
-

3.3. The stoichiometry of tryptophan-dependent
oxidation of tetrahydrobiopterin catalyzed by
TPH

It has been reported previously that the stoichiom-
etry of the conversion of tryptophan to 5-hydroxy-
tryptophan catalyzed by partially purified TPH iso-
lated from rabbit hind brain is tightly coupled with a
ratio of hydroxylated product formed to the tetrahy-
dropterin oxidized being about 0.95 in the presence
of a mixture of the synthetic diastereoisomers of BHy
[25], 6MPH, [35] and DMPH, [35]. As can be seen in
Table 3, the reaction catalyzed by the recombinant

Stoichiometry of the tryptophan-dependent oxidation of tetrahydropterins catalyzed by recombinant human pineal tryptophan hydrox-

ylase

Cofactor

5-HTP (nmol) formed

NADH (nmol) oxidized 5-HTP/NADH average % coupled

6(R)-BH,
6(R,S)-MPH,
7(R,S)-BH,
6(S5)-BH,4

5.02, 6.51
4.03, 6.05
092, 1.23
1.22, 1.51

6.06, 7.01
5.02, 6.22
5.01, 6.04
6.04, 5.51

0.88 88
0.89 89
0.18 18
0.24 24

The reaction mixtures contained: recombinant human pineal TPH (2 ug), 0.1 M Tris-HCI pH 7.5, 250 uM L-tryptophan, 2 mM DTT,
2 mM NADH, catalase 0.1 mg/ml, 2 units dihydropteridine reductase. The reaction was started by the addition of 0.2 mM tetrahy-
dropterin. The tryptophan-dependent oxidation of NADH was followed at 340 nm and allowed to proceed for 10 min. The reaction
was then quenched by the addition of 100 ul of 70% perchloric acid. The amount of NADH oxidized and 5-HTP produced was quan-
tified as described in Section 2. The listed values in the table reflect the amounts of products formed after 10 min of reaction. Note:
In the presence of excess DHPR, the amount of NADH oxidized is equal to the amount of tetrahydrobiopterin oxidized [57].
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human pineal enzyme in the presence of the naturally
occurring R-diastereoisomer of BHy, as well as in the
presence of the mixture of R and S isomers of
6MPH,, are quite tightly coupled (average ratio
0.88 and 0.89, respectively). By contrast, in the pres-
ence of either (7R,S)-BH4 or (6S5)-BHy, the unnatural
isomer of BHy, the hydroxylation of tryptophan is
largely uncoupled from the oxidation of the tetrahy-
drobiopterin (average ratio 0.18 and 0.24, respec-
tively). The extent of uncoupling in the presence of
(7R,S)-BH,4 is about the same as was previously ob-
served with rat liver PAH (ratio=0.17) [38]. As can
be seen (Table 3), when measured as the rate of
NADH oxidation, the activity of the (65)-BH, iso-
mer is comparable to that of the 6R isomer. By con-
trast, because of the uncoupling, the rate of forma-
tion of 5-hydroxytryptophan with (6S5)-BHy is only
about one-fourth that observed with the 6R isomer.
Even this relatively slow activity, however, is higher
than that reported for the 6S isomer with crude rat
brain TPH, where it was found to be only 10% as
active as (6R)-BHy4 [39].

3.4. The stoichiometry of phosphorylation and its
influence on the catalytic properties of the pineal
TPH

Covalent modification of the human TPH by
phosphorylation mediated by PKA and CaMKII
was carried out to investigate whether the hydroxy-
lase is activated by phosphorylation and whether the
effect is dependent on the presence of 14-3-3. Treat-
ment of the enzyme with either PKA or CaMKII and
[y-*>PJATP led to the incorporation of about 1.0 mol
of [*P;]phosphate per mol of subunit (Fig. 3A). It
has been reported that 14-3-3 enhances the activity of
TPH that has been phosphorylated by either PKA or
CaMKII, whereas non-phosphorylated TPH is not
activated in the presence of 14-3-3 [28]. As can be
seen in Fig. 3B, the addition of 14-3-3 to the TPH
assay mixture (see Section 2) resulted in an about
45% increase of activity of the enzyme that had
been phosphorylated with either CaMKII or PKA.
Since incubation of TPH in the absence of the kinase
results in an about 10% loss in activity (Fig. 3B), the
stimulation by 14-3-3 is somewhat greater when com-
pared to the activity in the controls. However, it is

calculated that the stimulation is less than the 100%
in activation mediated by 14-3-3 that was reported
for the rat brainstem TPH [28].

3.5. Formation of carbinolamine during the enzymatic
conversion of tryptophan to 5-hydroxytryptophan
by TPH and the effect of 4c-carbinolamine
dehydratase on TPH activity

During the course of PAH-catalyzed oxidation of
tetrahydrobiopterin, either coupled or uncoupled to
hydroxylation of phenylalanine, the formation of a
pterin 4o-carbinolamine has been detected by ultra-
violet spectroscopy [31,40]. The generation of the 4o.-
carbinolamine as a transient spectroscopic species by
tyrosine hydroxylase using tyrosine or phenylalanine
as a substrate has also been reported [41]. Recently,
formation of the 4o-carbinolamine has also been
demonstrated with the catalytic core of rabbit TPH
(TPH 102-416) [16]. Using rapid scanning ultraviolet
spectroscopy, we have also detected the formation of
4o-carbinolamine during the pineal TPH-catalyzed
hydroxylation of phenylalanine (data not shown)
and tryptophan using the intact hydroxylase. As
can be seen in Fig. 4A, the ultraviolet spectral
changes that occur during the TPH-catalyzed hy-
droxylation of tryptophan in the presence of BHj4
are consistent with the rapid formation of the 4o.-
pterin carbinolamine, whose most characteristic spec-
tral feature is a pronounced peak centered at 245 nm
[31]. Further evidence in support of the conclusion
that the observed spectral changes represent those
due to the formation of the carbinolamine was ob-
tained in studies of the effect of the addition of de-
hydratase (also designated ‘PHS’ for phenylalanine
hydroxylase stimulator) on the characteristic 245
nm peak. As shown in Fig. 4B, the addition of
pure dehydratase to a reaction mixture in which
the formation of the putative carbinolamine has
reached a steady state leads to the rapid disappear-
ance of the 245 nm peak, an effect coherent with the
dehydratase-catalyzed conversion of the carbinol-
amine to the corresponding quinonoid dihydropterin
derivative [31]. Under these conditions, dehydratase
was found to stimulate TPH activity in a concentra-
tion-dependent manner with maximum stimulation
being about 1.5-fold (Fig. 4C).
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Fig. 4. (A) The formation of the 4a-carbinolamine during the
tryptophan-dependent coupled oxidation of tetrahydrobiopterin
by recombinant human pineal tryptophan hydroxylase. Spectra
were monitored from 235 nm to 350 nm. The final concentra-
tions of the reagents were: 20 mM potassium phosphate pH
8.3, 20 uM BHy, 50 pg/ml of catalase, 10 uM tryptophan, 100
UM ferrous ammonium sulfate, 600 pug/ml of recombinant TPH.
The reactions were followed at 10°C and initiated by the addi-
tion of 20 uM BHy4. Immediately after the final addition of
BH,, the spectra were recorded at the following times: curve C,
10 s; curve B, 15 s. (Curve A is the spectrum of BHy.) (B) The
effect of 4a-carbinolamine dehydratase activity on 4o-carbinol-
amine generated by recombinant human pineal TPH. The oxi-
dation of BH4 by human pineal recombinant TPH at 10°C was
monitored at 245 nm. At the time shown, 20 pg/ml of PHS was
added to the reaction mixtures. The reaction mixture contained
the following components: 20 mM potassium phosphate, pH
8.3, 10 uM tryptophan, 50 pg/ml catalase, 20 mM glucose 6-
phosphate, 10 uM of NADH and excess of both glucose-6-
phosphate dehydrogenase and dihydropteridine reductase; the
reaction was started by the addition of 20 uM BHy. (C) The ef-
fect of the concentration of PHS on the activity of human pine-
al recombinant TPH. The assay mixtures contained: 50 mM of
Tris-acetate pH 7.6, DTT 2 mM, catalase 50 pg, tryptophan
250 uM, ferrous ammonium sulfate 0.1 mM, glucose 6-phos-
phate 20 mM, NADH 2 mM, TPH 5 ug, and excess of glu-
cose-6-phosphate dehydrogenase and DHPR; the reaction was
initiated by the addition of 250 uM BH4. After 15 min the re-
actions were quenched by the addition of 70% perchloric acid
and after centrifugation, the concentration of 5-hydroxytrypto-
phan was determined in the supernatant as described in Section
2.2. e, reaction mixtures to which various concentrations of
PHS were added; m, control reaction mixtures from which PHS

was omitted.
N

4. Discussion

In this paper we describe the cloning and expres-
sion of a cDNA encoding recombinant human pineal
TPH and present an analysis of some of the catalytic
and regulatory properties of the recombinant en-
zyme. We chose to utilize a PCR approach using
the primers designed as described in Section 2. The
PCR products revealed the entire coding sequence of
the human pineal TPH which is identical to the pub-
lished sequence from human carcinoid tissue [1]. The
resulting cDNA was cloned into pET20b+ plasmid in
the multiple cloning sites containing Ndel and Bam-
HI. This strategy ensures the introduction of the
TPH cDNA into the proper orientation for expres-
sion. The sequence predicts a subunit of TPH con-
sisting of 444 amino acids, with molecular mass of
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51000 kDa and a calculated p/ of 7.19, in reasonable
agreement with our experimentally determined value
of pI of 7.4-7.6 (data not shown).

The purification scheme presented in this study
resulted in a preparation of TPH with a specific ac-
tivity 3—4-fold higher than those obtained in previous
studies [12,14]. The high degree of purity may be
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explained by the inclusion of a purification step in
which TPH is adsorbed to and eluted from a pterin-
agarose column [23] (Table 1). The M; of approx.
200000 % 10000 found in this study is similar to the
M, of 200000 reported previously [35,42]. The ap-
parent K, values of the purified recombinant human
pineal TPH are 45 uM for BH, and 74 uM for
6MPH,4, when assayed in the presence of tryptophan.
The K., for BHy is one-third lower than the value
reported for the recombinant human brain TPH [12].
The apparent K, values of recombinant pineal TPH
were 20 uM and 23 uM for tryptophan when assayed
in the presence of BH; and 6MPH, respectively. It
should be noted that these K, values are similar to
the reported fasting concentration of tryptophan in
plasma of 0.030 £0.002 mM [43]. Corresponding val-
ues of 8§ and 7 uM, respectively, have been reported
earlier [12]. Our values indicate that pineal TPH may
have a 2-fold lower affinity for tryptophan than does
recombinant brain TPH. In comparison, the K, val-
ues reported for the native human brain enzyme were
142 uM for tryptophan when assayed in the presence
of 6MPH,4 [44] and 13 uM for tryptophan for TPH
from human carcinoid tumor when assayed in the
presence of 6MPH, [45]. In this respect, the recombi-
nant human pineal TPH resembles the carcinoid tu-
mor enzyme. The recombinant human pineal TPH is
inhibited by phenylalanine (K; =150 uM), a property
shared by the native rabbit brain enzyme [35]. This
sensitivity to phenylalanine inhibition indicates that
the elevated levels of phenylalanine, such as those
seen in classical phenylketonuric patients, cannot
only inhibit biogenic amine synthesis in brain [46],
but may also inhibit melatonin synthesis in pineal
tissue and may, therefore, attenuate some of the
many physiological functions of this bioregulator
[47].

Although the importance of phosphorylation of
TPH in the regulation of the activity of this enzyme
has long been recognized, there remain gaps in our
understanding of the quantitative aspects of the reg-
ulatory mechanism, including even the stoichiometry
of the reaction. On this point, values varying from
approx. 0.13/mol of TPH subunit for the CaMKII-
mediated phosphorylation of rat brain TPH [48] to
0.4 mol/mol of the recombinant rabbit brain enzyme
that has been expressed in insect cells [49] have been
published. There have also been several reports of

the incorporation of unknown amounts of phosphate
into TPH [13,50].

In the current study we have shown that in the
presence of either PKA or CaMKII, approx. 1.0
mol of phosphate is incorporated per mol of TPH
subunit (Fig. 3A), a value that is considerably higher
than those previously published. Our higher value
may be due, in part, to the fact that the present
enzyme, which was expressed in E. coli, probably
contains little or no endogenously bound phosphate
compared to the enzyme used in the other cited stud-
ies. It is also possible that for reasons that are not
apparent the pineal enzyme differs in this respect
from its brain counterpart.

Based on the amino acid sequence data, Darmon
et al. [51] predicted that serine 260 and 443 are po-
tential sites for phosphorylation by CaMKII and
that serine 58 is a likely site for PK A-mediated phos-
phorylation. The latter prediction has recently been
verified experimentally [50]. Although we have not
determined the site(s) phosphorylated by either
PKA or CaMKII in the present study, preliminary
results based on deletion analyses indicate that serine
residues 58 and 443 can both be phosphorylated by
PKA as well as by CaMKII (X.-J. Yang and S.
Kaufman unpublished results). Further work will
be required to identify the site that is phosphorylated
in the pineal TPH preparation used in the present
study. We have also demonstrated that phosphoryla-
tion of the recombinant TPH by either CaMKII or
PKA results in an increase in the catalytic activity of
the enzyme by 45% in the presence of 14-3-3. Non-
phosphorylated TPH is not activated in the presence
of 14-3-3 (see Fig. 3B). This level of activation is
lower than the 85% stimulation reported by Ishimura
et al. [18] with TPH purified from rat brainstem. The
lower activation of the phosphorylated enzyme in the
presence of 14-3-3 may also be due to the low specific
activity of the recombinant 14-3-3 or to the possibil-
ity that the recombinant TPH interacts less specifi-
cally with 14-3-3.

The most common structural and biochemical fea-
tures among the pterin-dependent aromatic acid hy-
droxylases have been extensively reviewed [52]. Based
on their substrate and cofactor requirements, it has
been suggested that these aromatic acid hydroxylases
share a common hydroxylation mechanism [52]. The
cloning of tryptophan, tyrosine and phenylalanine
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hydroxylases has revealed striking similarities in their
catalytic regions. Although this similarity bolsters the
conclusion that these three enzyme share a common
mechanism, more biochemical evidence is required to
establish this point. Following the demonstration
that the carbinolamine, 4c-hydroxytetrahydrobiop-
terin, is the first free pterin product that can be de-
tected during PAH-catalyzed hydroxylation of phen-
ylalanine [30,31], evidence was presented showing
that the same compound is also formed during the
TH-catalyzed hydroxylation of both phenylalanine
and tyrosine [41]. Recently, carbinolamine formation
has also been demonstrated during the hydroxylation
of tryptophan catalyzed by the catalytic core of rab-
bit pineal TPH [16]. The findings provided strong
support, at the biochemical level, that PAH, TH
and TPH do indeed share a common mechanism.

In the present study, we have shown that with
intact human pineal tryptophan hydroxylase, forma-
tion of carbinolamine can also be detected during the
course of the hydroxylation of L-tryptophan (Fig.
4A). The evidence supporting this conclusion is not
only that a compound is formed with the unusual
spectral characteristics of the carbinolamine, in par-
ticular, a sharp absorption at 245 nm [30,32,53], but
also that the compound is a substrate for pure 4o-
carbinolamine dehydratase (Fig. 4B).

As expected from the result shown in Fig. 4B, the
addition of the dehydratase was found to stimulate
the rate of hydroxylation of tryptophan. The stimu-
lation is about 1.5-fold (Fig. 4C). It should be noted
that although this is a modest effect, it is possible
that the effect in vivo would be greater. One of the
uncertainties in attempting to make this extrapola-
tion is that the stimulation of hydroxylase activity
by the dehydratase has been shown to markedly in-
crease with increasing concentrations of the hydrox-
ylase [54]. The concentration of TPH in brain or
pineal tissue, of course, is not known but it could
be much higher than the concentration used in the
experiment described in Fig. 4B. It should be men-
tioned that the finding that pineal tissue expresses
relatively high dehydratase activity is also coherent
with a role for the dehydratase in modulating TPH
activity in vivo in this tissue [55].

The observed stimulation of TPH activity by the
dehydratase may be relevant to our understanding of
hyperphenylalaninemia caused by a documented ge-

netic deficiency of the dehydratase [56]. The observa-
tion raises the possibility that a severe deficiency of
dehydratase would lead to defects in melatonin syn-
thesis, in addition to the defects in phenylalanine
catabolism.

Based on our studies, we conclude that the bio-
chemical and structural properties of the recombi-
nant human pineal TPH and the human brainstem
are similar, if not identical, to those of the native
enzyme. The availability of the recombinant human
pineal TPH in large quantities should facilitate fur-
ther structural and functional characterization of hu-
man pineal TPH.
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