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m Abstract Phenylalanine hydroxylase, tyrosine hydroxylase, and tryptophan
hydroxylase constitute a small family of monooxygenases that utilize tetrahy-
dropterins as substrates. When from eukaryotic sources, these enzymes are composed
of ahomologous catalytic domain to which are attached discrete N-terminal regula-
tory domains and short C-terminal tetramerization domains, whereas the bacterial
enzymes lack the N-terminal and C-terminal domains. Each enzyme containsasingle
ferrous iron atom bound to two histidines and a glutamate. Recent mechanistic stud-
ies have begun to provide insights into the mechanisms of oxygen activation and
hydroxylation. Although the hydroxylating intermediate in these enzymes has not
been identified, theironislikely to be involved. Reversible phosphorylation of serine
residues in the regulatory domains affects the activities of all three enzymes. In addi-
tion, phenylalanine hydroxylase is allosterically regulated by its substrates, pheny-
lalanine and tetrahydrobiopterin.
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INTRODUCTION

Hydroxylation of an aromatic ring is a fundamental reaction in biology. It occurs
frequently in the activation of compounds during catabolism and in the biosyn-
thesis of natural products. Not surprisingly, organisms have developed several
methods of catalyzing such a reaction. Among the most common are the
cytochrome P-450—dependent hydroxylases and the flavoprotein phenol hydrox-
ylases. Because of the ubiquity of these two families of enzymes, their mecha-
nisms and structures have been the subjects of extensive studies. These
investigations have been greatly aided by the absorbency properties of the tightly
bound heme and flavin cofactorsin these enzymes and by relevant chemical stud-
ies of model compounds. In contrast, the small group of enzymes that utilize a
tetrahydropterin substrate to catalyze the hydroxylation of an aromatic ring has
seen significantly less study, owing to a combination of the difficulty of obtain-
ing the proteins and the lack of a convenient chromophore. Still, the last few
years have seen a significant increase in our understanding of the mechanistic
and regulatory properties of thisfamily of enzymes.

The reactions carried out by the three members of this group are illustrated in
Figure 1. Phenylalanine hydroxylase catalyzes the formation of tyrosine; muta-
tionsin this enzyme are the most common cause of phenylketonuria. Tyrosine
hydroxylase catalyzes the formation of dihydroxyphenylaanine, the first step in
the biosynthesis of the catecholamine neurotransmitters. Tryptophan hydroxy-
lase catalyzes the formation of 5-hydroxytryptophan, the first step in the biosyn-
thesis of the neurotransmitter serotonin. These enzymes are monooxygenases,
incorporating one atom of oxygen from molecular oxygen into the substrate and
reducing the other atom to water. The two electrons required for the reduction of
the second atom to water are supplied by the tetrahydrobiopterin (BH ;) substrate.
It should be emphasized that, in contrast to hemes and flavins, tetrahydropterins
act as substrates rather than tightly bound cofactors, binding and dissociating
each turnover.

Phenylalanine hydroxylase is present at relatively abundant levelsin liver.
This enzyme has a so been isolated from at least two bacterial strains (1, 2). Both
tyrosine and tryptophan hydroxylase are found in the central nervous system.
Tyrosine hydroxylase is also present in the adrenal gland, a common source of
the naturally occurring enzyme. There are reports of a bacterial tryptophan
hydroxylase (3), but this has not been characterized.

Asshown in Figure 1, the pterin product of the reactions catalyzed by these
enzymes is a hydroxypterin. This was first established with phenylalanine
hydroxylase (4), but more recently has been shown to be the case with the other
two enzymes (5-7). With phenylalanine hydroxylase the stereochemistry of the
hydroxypterin has been established as Sat the hydroxy! (8). The hydroxypterin
rapidly dehydrates in solution (9); the resulting quinonoid dihydropterin can be
reduced to the tetrahydropterin by the pyridine-nucleotide-dependent enzyme
dihydropteridine reductase (10).
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Figurel The reactions catalyzed by the tetrahydropterin-dependent hydroxylases.

STRUCTURE

Primary Structures

Comparison of the amino acid sequences of the enzymes from a variety of
eukaryotic sources readily establishes the structural similarities of the three
hydroxylases. There are differences in lengths: rat phenylalanine hydroxylase
has 453 amino acid residues if the N-terminal methionine is counted, rat tyro-
sine hydroxylase has 498 residues, and rat tryptophan hydroxylase has 444
residues. There are also some species-specific differences in size. All three
enzymes are composed of an N-terminal region, the length and sequence of
which is specific for the specific enzyme, and a highly conserved C-terminal
region (Figure 2). The conserved C-terminal region begins at a valine 118 of rat
phenylalanine hydroxylase, 164 of rat tyrosine hydroxylase, and 105 of rat tryp-
tophan hydroxylase. The C-terminal 334—339 amino acid residues of the eukary-
otic enzymes are highly conserved such that these regions can be aligned with
no gaps. The two bacterial phenylalanine hydroxylases that have been described
lack the N-terminal region; that from Pseudomonas aeruginosa contains 264
residues, beginning at residue 157 of the rat sequence (11), whereas that from
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Chromobacterium violaceum contains 280 residues, beginning at residue 144
(12). Alignment of the bacterial enzymes with the conserved C-terminal regions
of the eukaryotic enzymes also requires that several gaps be introduced into the
bacterial sequences (11). In addition, the bacterial enzymes lack 25-30 residues
found at the C termini of the eukaryotic enzymes. There are no similarities
between the C-terminal 38 amino acid residues of the bacterial phenylalanine
hydroxylases and the eukaryotic enzymes (11, 13).

Alternative splicing of mMRNA can generate four different forms of human
tyrosine hydroxylase; all of the differences are in the N-terminus (14-16). The
differences in the sequences of these proteins are shown in Figure 3. Isoform
hTH1 corresponds to the rat enzyme. The other three isoforms contain insertions
between methionine 30 and serine 31 of hTH1. As discussed below, serine 31is
phosphorylated as part of the regulation of tyrosine hydroxylase; changes in the
amino acid sequence immediately preceding this residue would be expected to
affect its recognition by specific protein kinases (14).

The sequence similarities were detected after the first few members of this
family had been sequenced, and these similarities led to the proposal that the
C-terminal portions of all three enzymes were homologous, arising from a com-
mon ancestor, and represented the catalytic core (17). The amino terminal regions
were proposed to be responsible for substrate specificity (18). Studies of trun-

: -

118 410 453

rat phenylalanine hydroxylase
K

164 455 498
rat tyrosine hydroxylase

~ M-
105 401 444
rat tryptophan hydroxylase

N C

264
P, aeruginosa phenylalanine hydroxylase

Figure2 Comparison of the domain structures of the tetrahydropterin-dependent
hydroxylases. The functional domains defined using truncated proteins are indicated:
the regulatory domains are white, the catalytic domains shaded, and the tetrameriza-
tion domains hatched. The phosphorylation sites in the regulatory domains are
indicated by vertical lines.
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Figure3 Sequences of the human tyrosine hydroxylase isoforms. The first line in-
dicates the common N-terminal sequence; the next four lines show the inserts. The
remainder of the sequences are identical. Hyphens indicate deletions. The phosphory-
lated serine residues are indicated in bold.

cated eukaryotic enzymes have supported the concept of a common cataly-
tic core. Phenylalanine hydroxylase lacking 141 N-terminal residues or 43 C-
terminal residues retains catalytic activity (19), tryptophan hydroxylase lacking
as many as 106 N-terminal residues (20) and as many as 28 C-terminal residues
(7) retains activity, and tyrosine hydroxylase lacking 157 N-terminal residues or
43 C-terminal residues retains catalytic activity (21). The correspondence
between the sequences of the bacterial phenylal anine hydroxylases and the small-
est active versions of the eukaryotic enzymes further supports identification of a
common C-terminal catalytic core.

Three-Dimensional Structures

The eukaryotic hydroxylases are al homotetramers (22—24), although phenylala-
nine hydroxylase readily forms dimers (22, 25). Deletion of residues from the N-
termini does not alter the quaternary structures (26-28), whereas further removal
of 2043 residues from the C-termini converts the enzymes to monomers (7, 19,
29, 30). Bacterial phenylalanine hydroxylase, which lacks both regions, is
monomeric (1, 2). Although the C-terminal 20 amino acid residues are not con-
served in the eukaryotic enzymes, they all contain hydrophobic residues at the
first and fourth positions of each seven-residue sequence. Based on these results,
the C-terminus of each subunit has been proposed to form a helix; packing of the
helices from four subunits would be responsible for the tetrameric structure of
these enzymes (30, 31).

The three-dimensional structures have been determined for human pheny-
lalanine hydroxylase lacking the first 102 and the last 25 residues and for rat
tyrosine hydroxylase lacking the first 155 residues (32, 33). Neither structure
contains bound substrates or inhibitors. The two structures are essentially iden-
tical, with a root mean square deviation of only 0.66 A for the C_ atoms. Con-
sistent with previous studies of the quaternary structures of these enzymes,
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phenylalanine hydroxylase is a dimer in the crystals, whereas tyrosine hydrox-
ylase is tetrameric. Figure 4 shows the overall structure of the tyrosine hydrox-
ylase tetramer. As predicted from mutational and proteolytic studies, the
primary tetramer interface is a 24-residue a-helix at the C-terminus. Phenylala-
nine hydroxylase remains a dimer owing to additional interactions involving
residues 401-420.

In the absence of bound substrates or inhibitors, the active site can be tenta-
tively identified from the location of the iron atom. This assignment is supported
by the results of Martinez et al (34-36), who used the paramagnetic effects of
the metals in tyrosine and phenylalanine hydroxylase to show that both the aro-
matic ring of the amino acid substrates and the tetrahydropterin bind closely to
the metal. In both structures the iron is located in a hydrophobic cleft 10 A from
the surface. The surface of this cleft is made up primarily of four helices con-
taining mostly hydrophabic residues, consistent with the hydrophobic nature of
the substrates. Thereis a short loop, which covers the entrance to the active site,
containing residues 378-381 in phenylaanine hydroxylase and 427-429 in tyro-
sine hydroxylase. Binding to rat phenylalanine hydroxylase of an antibody

Figure 4 Ribbon diagram of the tetrameric catalytic domain of rat tyrosine
hydroxylase. This figure was prepared using PDB file 1TOH.
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raised to a synthetic peptide corresponding to residues 263-289 is prevented by
dihydropterin (37); this peptide contains 10 residues found in the proposed
active site cleft (32), further supporting the assignment of the active site to the
cleft containing the iron.

Theroles of the majority of the individual active-site residues have not been
established. The structure of the iron site in tyrosine hydroxylase is shown in
Figure 5. There are three amino acid ligands to the metal, histidines 331 and 336
and glutamate 376. In addition, there are two solvent molecules 2.0 A from the
iron, resulting in square pyramidal geometry with histidine 331 as the axial lig-
and. Theiron site in phenylalanine hydroxylase is essentially identical, except
that three water molecules are within 2.3 A of theiron (32). The differencein the
number of water molecules may be caused by the higher resolution of the pheny-
lalanine hydroxylase structure, 2.0 A compared with 2.3 A for tyrosine hydroxy-
lase. The additional water molecule results in a six-coordinate iron atom with
octahedral geometry; the axial ligands are histidine 285 and a water molecule. In
both enzymes, these histidine residues had previously been identified asiron lig-
ands by site-directed mutagenesis (29, 38). Mutation to alanine of glutamate 286
of rat phenylalanine hydroxylase increases the K, value for BH , about 100-fold,
suggesting that this residue has arole in pterin binding (19). In the structure of
human phenylalanine hydroxylase, this residue is hydrogen bonded to one of the
water ligandsto the iron (32).

Glu376

His331

Figure5 Theiron site of rat tyrosine hydroxylase.
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MECHANISM

In light of the homologies of the catalytic domains of these enzymes, it is not
surprising that their mechanisms appear to be similar. Indeed, in the following
discussion the assumption is made that the mechanisms are identical. This allows
results obtained with either phenylalanine or tyrosine hydroxylase to be used to
build up a self-consistent mechanistic picture.

Metal Requirement

Both phenylalanine and tyrosine hydroxylase were found to contain slightly less
than one iron atom per monomer when first purified (39, 40). A direct relation-
ship between the iron content and the activity was subsequently established for
both enzymes (41, 42). The iron isin the ferric form when the enzymes are puri-
fied (39, 43). Reduction of the iron to the ferrous form is required for phenylaa
nine hydroxylase to be active (44, 45), although metal reconstitution studies have
shown that tyrosine hydroxylase requires ferrous iron for activity (42). Tetrahy-
dropterins can reduce the iron atom in either enzyme, suggesting that BH , isthe
physiological reductant (44-46). The ferrousiron is readily oxidized by molecu-
lar oxygen (46, 47). Tryptophan hydroxylase has recently been shown to require
ferrousiron for activity (7). No metal has been found which can replace the iron
in forming active enzyme with any of the three hydroxylases, although several
other metals will bind in place of the iron (48, 49).

In contrast to the eukaryotic enzymes, phenylalanine hydroxylase from C.
violaceum contains a stoichiometric amount of copper when purified (2). Cataly-
sis requires reduction of the copper, with dithiothreitol being the most effective
reductant (50). The presence of a metal other than iron in a protein that was
homologous to the eukaryotic enzymes raised obvious questions about the mech-
anistic role of the metal in these enzymes. The situation was further complicated
with the report that reduction of the copper by thiols led to its dissociation, and
the copper-free enzyme was fully active (51). This result led to the proposal that
this phenylalanine hydroxylase does not require any metal for activity (51, 52).
However, Chen & Frey (13) have recently reported that the C. violaceum enzyme
is unable to hydroxylate phenylalanine in the absence of iron and requires a stoi-
chiometric amount of iron for full activity.

Steady State Kinetics

Complete steady state kinetic mechanisms have been described for C. violaceum
phenylalanine hydroxylase (53) and for rat tyrosine hydroxylase (54). Both stud-
ies are consistent with a tri-bi sequential mechanism in which no chemistry
occurs until all substrates are bound. In the case of phenylalanine hydroxylase,
the data are consistent with binding of oxygen as the first substrate, followed by
binding of phenylalanine and 6,7-dimethyltetrahydropterin in random order;
some preference for binding of the pterin before the amino acid was noted (53).
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Less complete analyses have been carried out with eukaryotic phenylalanine
hydroxylase; in the rat enzyme the tetrahydropterin appears to bind before pheny-
lalanine (47). The data with tyrosine hydroxylase were interpreted in favor of a
fully ordered mechanism, with 6-methyltetrahydropterin (6-MePH,), oxygen,
and tyrosine binding in that order; oxygen bindsin rapid equilibrium, so that no
K., valueis observed for this substrate (54).

Substrate Specificity

Pterin Specificity A variety of substitutions at the 6 position of the tetrahy-
dropterin ring (1), where the natural substrate has a dihydroxypropy! side chain,
aretolerated in substrates for at least one of the pterin-dependent hydroxylases.
The most commonly used substrate has been 6-MePH ,, a good substrate for all
three enzymes (55-57). Phenyl, ethyl, hydroxymethyl, and trihydroxypropyl side
chains are also tolerated at the 6 position (56, 58), but not a carboxylate (59),
consistent with the hydrophobic nature of the active sites. Substitution of a
methyl group at the 7 position istolerated, but this results in some of the tetrahy-
dropterin being consumed unproductively by both phenylalanine and tyrosine
hydroxylase (55, 56). Disubstitution at the 6 position is also tolerated by tyrosine
hydroxylase (60). Tetrahydropterins substituted at the 5 or 8 position are not sub-
strates for tyrosine hydroxylase (56, 60). 2,4-Diamino-6,7-dimethyl-tetrahy-
dropterin is reported to be a substrate for phenylalanine hydroxylase (59), but
replacement of the oxygen at C2 resultsin loss of activity with both phenylala-
nine and tyrosine hydroxylase (59, 60).

aA
N. _N_ NH2
H 78| 12\\(
R Gﬁl 43NH
HH o

The complete pyrazine ring of the pterin is not required for activity, because
2,5,6-triamino-4-pyrimidinone (1) and 5-benzylamino-2,6-diamino-4-pyrimidi-
none will support hydroxylation by phenylalanine hydroxylase (61, 62). The
pyrimidodiazepine I11 is also a slow substrate for phenylalanine hydroxylase
(63), further establishing that the pyrimidinering is critical.

Amino Acid Specificity There are two aspects to the amino acid specificity
of the pterin-dependent hydroxylases: the relative specificities for the three
aromatic amino acids as substrates and the range of amino acids that can be
hydroxylated. The relative affinities of tyrosine and phenylalanine hydroxylase
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for different amino acid substrates are affected by the presence of the regul atory
domains (64). In addition, discussions of the substrate specificity of phenylalanine
hydroxylase are complicated by the need for activation by an amino acid substrate
when BH,, is used for the nonactivated wild-type enzyme (65). With respect to the
intact enzymes, each of the three hydroxylaseswill utilize al three aromatic amino
acids as substrates to some extent. Phenylalanine hydroxylase will hydroxylate
tryptophan (55), with aK , value 100-fold and aV,,, value 2.6% those for pheny-
lalanine (65). With tyrosine as the substrate, a tetrahydropterin oxidase activity
results, in that no dihydroxyphenylalanine can be detected (66); the vV, and
V/Ktyr values for this reaction are only 5% the values found with phenylalanine as
substrate (64). An inability to hydroxylate tyrosine is consistent with the physio-
logical role of this enzyme of producing tyrosine. In contrast, tyrosine hydroxy-
lase will use phenylaanine as a substrate (67, 68), forming both tyrosine and small
amounts of 3-hydroxyphenylalanine (69). The V. value for this reaction is
within afactor of four of that seen with tyrosine, whereasthe K, value for pheny-
lalanine is sixfold that for tyrosine (64). This has led to the suggestion that tyro-
sine hydroxylase could catalyze the formation of dihydroxyphenylalanine from
phenylalanine in cells (70). Tryptophan is a poor substrate for tyrosine hydroxy-
lase, with aK, value some 20-fold that of tyrosine and a significantly lower V.
value (71). Tryptophan hydroxylase can hydroxylate phenylalanine (57); the
kinetic parameters obtained with the recombinant catalytic core are very similar
to those for tryptophan (7). Tyrosine is a poor substrate for this enzyme, with most
of the tetrahydropterin being consumed unproductively (7, 57).

In light of the homology of the catalytic domains, the regulatory domains have
been proposed to be responsible for the substrate specificity of these enzymes
(72). Indeed, the isolated catalytic domains of rat phenylalanine and tyrosine
hydroxylase show reduced specificities for phenylalanine versus tyrosine, consis-
tent with such arole for the regulatory domains (64). However, the isolated cat-
alytic domain of phenylalanine hydroxylase is still unable to form tyrosine.
Chimeric proteins containing the regulatory domain of one of these enzymes and
the catalytic domain of the other have substrate specificities similar to that of the
intact protein that supplied the catalytic domain. Thus, the absolute substrate
specificity is determined by the catalytic domain. The effect of the regulatory
domain on specificity is on the general shape and flexibility of the active site (64).

Both phenylalanine and tyrosine hydroxylase will accept as substrates a range
of p-substituted phenylalanines. For bovine tyrosine hydroxylase there is a
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correlation between the K; values of these compounds versus tyrosine and the
size of the p-substituent (73), suggesting a constricted binding site. Table 1 lists
different amino acids that have been reported to be substrates for these enzymes,
along with the reported products. The range of reactions includes aromatic
hydroxylation of heteroatom-substituted compounds, benzylic and aliphatic
hydroxylation, epoxidation, and sulfoxidation.

Tablel Alternate amino acid substrates for the tetrahydropterin-dependent hydroxylases
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Enzyme Substrate Products
Phenylaanine
hydroxylase Tryptophan 5-HO-Tryptophan®
4-F-Phenylalanine Tyrosine?
4-Cl-Phenylaanine 4-Cl-3-HO-Phenylalanine, tyrosine, 3-Cl-tyrosine®
4-Br-Phenylaanine 3-Br-Tyrosine?
4-Ch,-Phenylalanine 4-HOCH,-Phenylalanine, 4-CH;-3-HO-
phenylalanine, 3-CH-tyrosine®
L-Methionine Methionine sulfoxided
D-Methionine p-Methionine sulfoxided
Norleucine e-Hydroxynorleucined
Dp-Phenylalanine Dp-Tyrosined
[2,5-H,]Phenylalanine  [2,5-H,]Phenylalanine epoxide®
Cyclohexylalanine 7-Hydroxy-cyclohexylphenylalanine’
Tyrosine
hydroxylase Phenylaanine Tyrosingd 3-HO-phenylalaing”
4-F-Phenylalanine Tyrosing
4-Cl-Phenylaanine 4-Cl-3-HO-Phenylalanine, tyrosine, 3-Cl-tyrosine
4-Br-Phenylalanine 4-Br-3-HO-Phenylalaning, tyrosine, 3-Cl-tyrosing
4-CHg-Phenylalanine 4-HOCH,-Phenylalanine, 4-CH;-3-HO-
phenylalanine, 3-CH-tyrosine
4-CH;O-Phenylalanine  4-CH50-3-HO-Phenylalanine
3-HO-Phenylalanine Dihydroxyphenylalaning
3-F-Tyrosine Dihydroxyphenylalaning
3-Cl-Tyrosine Dihydroxyphenylalaninel
3-Br-Tyrosine Dihydroxyphenylalaninel
Tryptophan
hydroxylase Phenylaanine Tyrosingk
“Reference 55.
bpseudomonad enzyme (74).

©No 4-CH3-3-HO-phenylalanine was detected using the enzymes from rat liver enzyme (75) or Chromo-
bacterium violaceum (52), but all three were reported as products with the pseudomonad enzyme (76).

dReference 65.
®Reference 77.
fReference 52.

9Reference 67, 68.

NReference 69.
iReference 78.
JReference 71.
kReference 57.
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Catechol Inhibition Phenylalanine and tyrosine hydroxylase will each form
very tight complexes with catechols, with K ; values in the nanomolar range (47,
79). In both cases, spectroscopic analyses indicate that both oxygens of the cate-
chol are ligands to the iron in the ferric state (80, 81). Catecholamines are also
reported to be inhibitors of tryptophan hydroxylase, but the interaction has not
been characterized (82). Only for tyrosine hydroxylase is there evidence that this
inhibition is physiologically relevant. Indeed, when tyrosine hydroxylase is iso-
lated from nonrecombinant sources, the enzyme contains a mixture of cate-
cholamines bound to the iron (83, 84).

Rate-Determining Step

A minimal kinetic mechanism for a hydroxylase would involve substrate bind-
ing, formation of the hydroxylating intermediate, hydroxylation, and product dis-
sociation. The most extensive kinetic studies have been carried out with rat
tyrosine hydroxylase. With tyrosine as substrate, there is no burst of dihydroxy-
phenylalanine formation after the first turnover, ruling out slow product release
as rate limiting (71). There is no significant isotope effect when [3,5—2H2]—
tyrosine is used as substrate, ruling out carbon-hydrogen bond cleavage during
hydroxylation as rate limiting (54). When the rate of tetrahydropterin oxidation
ismonitored, the V, . value for aseries of substituted phenylaaninesisinde-
pendent of the identity of the amino acid substrate, suggesting that no chemistry
involving the amino acid occursin the rate-limiting step (71). These observations
are consistent with formation of the hydroxylating intermediate being rate limit-
ing; the subsequent hydroxylation and product release steps would be much
faster. With phenylalanine hydroxylase there is no significant kinetic-isotope
effect with ring-deuterated phenylalanine as substrate when BH,, is used (85).
However, with 6-MePH , a small kinetic isotope effect is seen, suggesting that
the rates of oxygen activation and hydroxylation are comparable in this case.

Chemical Mechanism

| dentity of the Hydroxylating Intermediate As shown in Figure 1, one of the
products of the reactions catalyzed by all three hydroxylases is a 4a-hydroxy-
pterin. The oxygen atoms in both the amino acid and the pterin products have
been shown to come from molecular oxygen (8, 86). The formation of this com-
pound establishes that there must be a reaction between molecular oxygen and
tetrahydropterin during catalysis. Model studies of the reaction of oxygen with
reduced tetrahydropterins (87) and the well-established formation of 4-peroxy-
flavins by flavin monooxygenases (88) suggest that a 4a-peroxytetrahydropterin
isthe immediate result of the reaction of the tetrahydropterin and molecular oxy-
gen. Based on model studies with both flavins and pterins, this reaction is
expected to occur in two steps: an initial slow, single-electron transfer to form
superoxide and the pterin cation radical followed by rapid combination of the
two radicals (Figure 6) (87, 89). The 180 kinetic-isotope effect of 1.016 seen
with tyrosine hydroxylase is consistent with such areaction (90).
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Figure6 Mechanism of reaction of tetrahydropterins with oxygen.

The 4a-peroxypterin must be considered as a candidate for the hydroxylating
intermediate, since the analogous 4a-peroxyflavin is thought to be the hydroxy-
lating intermediate in the flavin phenol hydroxylases (88). However, the range of
reactions listed in Table 1 resembles the reactions catalyzed by cytochrome
P-450—dependent hydroxylases, in which the hydroxylating intermediate is a
high-valence iron-oxo species (91), rather than those catalyzed by the flavin phe-
nol hydroxylases (88). For example, p-hydroxybenzoate hydroxylase cannot
hydroxylate the nonactivated aromatic ring in benzoate (92), a reaction anal o-
gous to that catalyzed by phenylalanine hydroxylase, and has not been reported
to carry out epoxidation or aliphatic hydroxylation reactions. Thus, it seems
likely that a more reactive species containing the iron, either a pterin-oxygen-
iron species or an iron-oxygen species (8), isinvolved.

The products from uncoupled turnover by phenylalanine hydroxylase have
been used as a probe for the mechanistic fate of such a peroxypterin. With a vari-
ety of nonphysiological substrates, all three enzymes oxidize significantly more
than 1 mol of tetrahydropterin per mol of amino acid hydroxylated. If a peroxy-
pterin is the hydroxylating intermediate, such uncoupled turnover could result in
production of hydrogen peroxide and quinonoid dihydropterin as products upon
the breakdown of the peroxypterin. Dix and Benkovic (93) reported that about
threefold as much tetrahydropterin is consumed as hydroxylated amino acid is
produced when 4-Cl-phenylalanine is a substrate for phenylalanine hydroxylase.
The amount of hydroxylated amino acid formed agreed well with the amount of
4-hydroxypterin produced, suggesting that the oxygen-oxygen bond is not
cleaved unless hydroxylation occurs. No hydrogen peroxide was detected; these
authors proposed that oxygen is reduced to water in unproductive turnover. Con-
tradictory results were reported by Davis & Kaufman (66, 94) with tyrosine as
the substrate for this enzyme. Tyrosine is not hydroxylated by phenylalanine
hydroxylase, but rather converts the enzyme to a slow tetrahydropterin oxidase.
Both the hydroxypterin and hydrogen peroxide were detected as products in this
reaction. Such aresult requires cleavage of the oxygen-oxygen bond of a peroxy-
tetrahydropterin intermediate even in the absence of oxygen atom transfer to an
amino acid substrate. These authors suggested that the peroxypterin is an inter-
mediate in the formation of the true hydroxylating intermediate, a high-valence
iron-oxo compound. The branched pathway shown in Figure 7 was proposed to
account for the results (94).
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Figure7 Mechanism of Davis & Kaufman (94) for turnover of phenylalanine hy-
drozylase in the presence of tyrosine.

An alternative possibility involving activation of the peroxypterin via a
pyrazine ring-opened species was proposed by Hamilton for both pterin and
flavin-dependent monooxygenases (95). The loss of substituted amines from the
4 position of triaminopyrimidines with phenylalanine hydroxylases was initially
interpreted in favor of such a mechanism (96, 97). However, such an intermedi-
ate seems unlikely in light of the inability of this enzyme to catalyze the ring clo-
sure reaction required to regenerate the intact pterin (4). Instead, the loss of the
benzylamino group would be caused by cleavage of the CN bond in the carbino-
lamine product being more favorable than cleavage of the CO bond, as a result of
the relative leaving group propensities of the two substituents.

Although the range of reactions carried out by these enzymes and the reported
production of the hydroxypterin in uncoupled turnover with phenylalanine
hydroxylase are consistent with the hydroxylating intermediate being an iron-
0Xo species, it should be emphasized that there is no direct evidence for such a
role for the iron in these enzymes. Iron is clearly required for activity, and muta-
tion of the ligands to the iron resultsin loss of detectable activity (29, 38). How-
ever, the electron paramagnetic resonance (EPR) spectrum of enzyme frozen at 7
K during turnover does not show any EPR-detectable species; this can be ratio-
nalized by formation of the hydroxylating intermediate being much slower than
its subsequent reaction (46). An additional potential role for the iron atom would
be to assist in the reaction of tetrahydropterin and molecular oxygen to form the
peroxypterin. The 180 kinetic-isotope effects determined by Francisco et al (90)
are consistent with either a single-electron transfer from tetrahydropterin to oxy-
gen, as shown in Figure 6 or with equilibrium binding of O, to the iron atom fol-
lowed by single-electron transfer from the tetrahydropterin to the iron-bound
oxygen. Chen & Frey (13) have reported that metal-free phenylalanine hydroxy-
lase from C. violaceum will catalyze tetrahydropterin oxidation but not pheny-
lalanine hydroxylation. This suggests that the iron is required for formation of
the hydroxylating intermediate but is not involved in the initial reaction of oxy-
gen and the tetrahydropterin. If thisis the case, the peroxypterin must react with
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the iron en route to formation of any iron-oxo hydroxylating species. A reason-
able intermediate for this reaction suggested by Dix et a (8) is the peroxypterin-
iron complex 1V. Heterolytic cleavage of the oxygen-oxygen bond in such a
species would generate the peroxypterin and the iron-oxo hydroxylating species
directly (98). Complex IV must also be considered a viable candidate for the
hydroxylating intermediate.

-[/N /NYNH
R N NH
Hol
o)

Fe(ll)
IV

The ahility of cytochrome P-450-dependent hydroxylases to utilize peroxides
and other oxidants in place of reducing equivalents and oxygen, the “peroxide
shunt,” has provided a more direct probe of the role of the iron in those systems
(91). In pterin-dependent enzymes, it has been reported that tyrosine hydroxylase
can hydroxylate tyrosine to dihydroxyphenylalanine by using hydrogen peroxide
in the absence of any tetrahydropterin (5), suggesting that the pterin is not part of
the hydroxylating intermediate. However, Ribeiro et al (68) reported that they
were unable to reproduce this result.

Mechanism of Hydroxylation It was noted early on that the tyrosine produced
from [p-3H] phenylalanine by phenylalanine or tyrosine hydroxylase and the [5-
HO]-tryptophan produced from [5-3H]-tryptophan by tryptophan hydroxylase
still contained most of the radioactivity (86, 99, 100). In each case the label was
attached to the carbon adjacent to the site of hydroxylation. Asis clear from the
products obtained with substituted phenylalanines as substrates for both pheny-
lalanine and tyrosine hydroxylase, substituents other than hydrogen isotopes can
also undergo such an NIH shift. These include Cl, Br, and methyl substituents, but
not F or methoxy. The observation of an NIH shift in avariety of hydroxylation
reactions led Guroff et a (101) to propose the cationic cyclohexadienyl intermedi-
ate V for phenylalanine hydroxylase. Such an intermediate could then rearoma-
tize, losing a proton or tritium. A significant kinetic isotope effect on the proton
loss step would result in preferential retention of tritium. The observation that
arene oxides are products of a number of aromatic hydroxylation reactions led to
the proposal that the arene oxide VI was formed as a precursor to V (102). The
formation of an epoxide from [2,5-H,]phenylalanine by phenylalanine hydroxy-
lase is consistent with the involvement of an arene oxide (77), although it rigor-
ously only establishes the ability of the enzyme to carry out epoxidation reactions.
Asamore direct probe for the involvement of an arene oxide, the isotope effects
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on product distribution upon hydroxylation of [4-2H]phenylalanine and [3,5-
2H ,|phenylalanine by tyrosine hydroxylase were determined (69). In both cases
there was a decrease in the hydroxylation at the site of the isotope, but no
detectable increase in hydroxylation at the nondeuterated position. These results
rule out the partitioning of a common intermediate such as an arene oxide in the
formation of these two products.

H
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More recently, the product distribution from a series of p-substituted pheny-
lalanines as substrates for tyrosine hydroxylase was used as a mechanistic probe
(78). There was a good correlation of the site of oxygen addition with the size of
the substituent at the 4 position of the aromatic ring, with atransition from pri-
marily p-hydroxylation with phenylalanine to exclusively m-hydroxylation with
4-CH4O-phenylalanine. Thus, with this enzyme at least, the site of hydroxylation
of these nonphysiological substrates is determined primarily by steric factors.
Increasing amounts of tetrahydropterin were oxidized without concomitant
hydroxylation of the amino acid as the el ectron-donating ability of the substituent
decreased, giving a p-value of about -5 with both 6-MePH,, and BH,,. This result
is consistent with a cationic intermediate. Moreover, the amount of NIH shift
seen varied with the identity of the substituent in a manner consistent with a
cationic species. The cationic cyclohexadiene VIl was proposed as the product of
the initial oxygen addition; the similarity of this compound to V is obvious. VI
would then rearrange directly to the phenolic product.

REGULATORY PROPERTIES

The catalytic domains of the pterin-dependent hydroxylases are sufficiently simi-
lar to assume that all three enzymes have essentially the same catal ytic mecha
nism. In contrast, the regulatory domains of the eukaryotic enzymes are not
homologous. Thus, it is not surprising that the regulatory properties are distinct.
As aresult, the regulatory properties of each enzyme will be discussed separately.
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Phenylalanine Hydroxylase

Virtually all of the characterization to date has been done with the enzyme from
rat liver. A variety of treatments, some of which are clearly not physiological,
will increase the activity of phenylalanine hydroxylase from eukaryotic sources.
When the concentration of phenylalanine is varied, sigmoidal kinetics are
observed if BH,, is used as substrate (18); the effect is less pronounced if other
tetrahydropterins are used (103, 104). Treatment of the enzyme with chy-
motrypsin or lysolecithin increases the measured V., value and gives sigmoidal
kinetics. Activation by proteolysis correlates with the loss of about 100 residues
from the amino terminus (22); this would correspond to removal of the regula
tory domain. Consistent with this, the isolated catalytic domain does not require
pretreatment for full activity (64, 105). Treatment with thiol-modifying reagents
such as N-ethyl maleimide has a similar activating effect (103). Indeed, treat-
ment with lysolecithin exposes a thiol residue (18), suggesting that the two treat-
ments result in similar conformational changes. The reactive thiol has been
identified as cysteine 236 (106). With other tetrahydropterins such as 6-MePH
and 6,7-dimethyltetrahydropterin, the enzyme activity isreported to be high with-
out such pretreatment (103, 104).

The effects of phenylalanine and BH, on the activity are more likely to be
physiologically relevant than these chemical modifications. If assays are started
by adding enzyme, thereis alag in the rate of tyrosine formation (107). Pretreat-
ment of the enzyme with phenylalanine abolishes the lag, whereas pretreatment
with BH,, or 6-MePH , increases it (107). Treatment with lysolecithin also abol-
ishes the lag. Based on an extensive analysis of the effects of phenylalanine and
pterins on the kinetics, Shiman and coworkers have proposed a model (Figure 8)
for the effects of amino acids and pterins on the activity of phenylalanine hydrox-
ylase (47, 108, 109). The enzyme as isolated is proposed to be in an inactive
form, E;. Binding of phenylalanine convertsit to an active form, E_; this would
involve formation of an active site for phenylalanine (108). Tetrahydropterins
bind to E;, trapping the enzyme in the inactive form. BH,, binds E; more tightly
than 6-MePH,, (109). Kinetic modeling based on such amodel successfully pre-
dicts the low activity of phenylalanine hydroxylase in tissues, owing to the pre-
dominance of the BH 4-E; complex (110). This regulatory mechanism resultsin a
large increase in phenylalanine hydroxylase activity in response to an increase in
plasma phenylaanine levels (109).

Datafrom Parniak & Kaufman (103) are suggestive of two separate phenylala-
nine-binding sites, aregulatory site and a separate active site. The unmodified
enzyme isreported to bind 1.5 equivalents of phenylalanine per monomer with
strong positive cooperativity, whereas the thiol-modified enzyme binds only one
equivalent with no cooperativity. In agreement with atwo-site model, the activat-
ing phenylaanine remains bound during multiple turnovers without being hydrox-
ylated (111). Activation by phenylaanine has been attributed to displacement of an
inhibitory peptide, presumably in the regulatory domain; proteolysis would remove
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Figure8 Regulatory mechanism of phenylaanine hydroxylase.

the peptide completely, whereas chemical modification would disrupt its interac-
tion with the catalytic domain (103). Several observations are suggestive of a con-
formational change upon conversion from E; to E_, Activation by phenylalanine or
lysolecithin converts the enzyme to aform that will bind phenylaanine (107, 112);
thisis used as a purification step for phenylalanine hydroxylase (112). The acti-
vated enzyme is slightly more sensitive to proteases, whereas binding of BH,,
decreases the protease sensitivity (104). Phenylalanine binding alters the fluores-
cence properties (111, 113) and increases the total volume about 10% (25). BH,,
has an opposite effect on the fluorescence properties (113). These data are consis-
tent with E_ having a more open conformation than E;. Although activation is pro-
posed to result in formation of a competent active site for binding phenylalanine
(108), the iron environments in the two enzyme forms are indistinguishable (25).

Amino acids other than phenylalanine will activate the enzyme, although fre-
quently not as well (65, 107). The E_ form of the enzyme is aso reported to have
abroader substrate specificity (65), although the need to separate the specificities
for activation and catalysis clearly complicates such analyses.

In addition to the regulation by substrates, phenylalanine hydroxylase is regu-
lated by phosphorylation of serine 16 (114). Interpretation of the effects of phos-
phorylation is complicated by the presence of 0.2-0.3 phosphates per monomer
in the enzyme asisolated (111, 115), although some recent studies have been car-
ried out with recombinant enzyme which avoid this problem (116, 117). Treat-
ment with cAMP-dependent protein kinase A (PKA) increases the amount of
phosphate per monomer to one (115). A calmodulin-dependent protein kinase
(CaM-PK) will phosphorylate the same site as PKA (118). The phosphorylated
enzyme is reported to be two- to fourfold as active as the unphosphorylated
enzyme (115, 116), but the activation is reported to depend on whether BH, is
used (115). The S16D and S16E mutants have similar activities to the phospho-
rylated enzyme, consistent with the effect being caused by the introduction of the
negative charge (116). Both the phosphorylated enzyme and the mutants are acti-
vated further by lysolecithin (115, 116). The phosphorylated enzyme still shows
sigmoidal kinetics with varied phenylaanine (115); the increased activity is pri-
marily owing to an increased V, . value (116).

A critical observation in interpreting the effects of phosphorylation on pheny-
lalanine hydroxylase is that activation of the phosphorylated enzyme by phenylala-
nine is more rapid and occurs at lower concentrations than with the
unphosphorylated enzyme (119). A similar observation has been made with the
recombinant human enzyme (117). Thus, phosphorylation appears to modulate the
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balance between the E_ and E; forms of phenylalanine hydroxylase. Moreover,
BH,, inhibits the phosphorylation (117, 120, 121), suggesting that the BH,-E; com-
plex is phosphorylated more slowly or not at al. In light of the complexity of the
regulatory properties of the unphosphorylated enzyme, it seemslikely that the mag-
nitude of the effects of phosphorylation on activity described to date does
not directly reflect the magnitude of the change in a specific rate or equilibrium
constant. Clearly defining the effects of phosphorylation will likely require an
extensive analysis comparable to that carried out on the unphosphorylated enzyme.

Tyrosine Hydroxylase

The principal means of post-translational regulation of tyrosine hydroxylase
appears to be reversible phosphorylation of serine residues in the regulatory
domain (122). Despite more than two decades of study by a number of different
laboratories, the details of the effects of phosphorylation and the physiological
relevance of the different phosphorylation sites are still not fully established.
Thisis caused in part by the difficulty of obtaining purified nonrecombinant pro-
tein, the complexity of the problem, and the lack of realization in earlier studies
that the enzyme isolated from eukaryotic sources contains bound catecholamines.
Because of space limitations, an extensive discussion of the literature cannot be
given here. Many of the earlier studies are described in areview by Zigmond et
a (122), and a more extensive discussion of agents that modulate phosphoryla-
tion of tyrosine hydroxylase in cellsis given by Haycock (123).

There are four serine residues in rat tyrosine hydroxylase, which are phosphory-
lated both in vivo and in vitro, at positions 8, 19, 31, and 40 in the rat enzyme
(124, 125). Human tyrosine hydroxylase has a threonine residue at position 8 (14).
There is general consensus that PKA is specific for phosphorylation of serine 40
(125, 127). Purified PKA will phosphorylate serine 40 specifically (125), and
agents that increase cCAMP levelsin cellsincrease the level of phosphorylation of
thisresidue (123, 124, 128). Serine 19 can be phosphorylated in the pure enzymes
by CaM-PKII (125, 127, 129) and by mitogen-activated protein (MAP) kinase-
activated protein kinases (130). CaM-PK I also phosphorylates serine 40 (125,
127, 129) and has been reported to phosphorylate serine 31 in the human isoform
2. MAP kinase-activated protein kinase 1 phosphorylates both serine 19 and 40 in
the human hydroxylase, but MAP kinase-activated protein kinase 2 phosphory-
lates only serine 40 (130). In cells, calcium or agents that increase the levels of
intracellular calcium also increase the level of phosphorylation of serine 19 (124,
131-133), although additional residues have been reported to be phosphorylated
under these conditions (123, 131, 133, 134). In the pure enzyme, serine 31 can be
phosphorylated by the MAP kinases ERK1 and ERK 2 (130, 135, 136). In cells,
phorbol esters and nerve growth factor increase the activities of ERK1 and ERK2
and the level of phosphorylation of serine 31 (123, 124, 131, 132, 135). No kinase
has been identified that phosphorylates serine 8. In cells only phosphatase
inhibitors have been found to alter the level of phosphorylation of thisresidue
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(124). Thus the most likely candidates for the physiological kinases are CaM-
PKII for serine 19, ERK for serine 31, and PKA for serine 40 (123).

Evaluation of the effects of phosphorylation on the properties of tyrosine
hydroxylaseis clearly complicated by the number of phosphorylation sites. It has
been further complicated by the fact that enzyme isolated from tissues contains
substoichiometric amounts of covalent phosphate (43, 137); the studies cited
above suggest that the phosphate is distributed among the different serine
residues. The discussion here will be limited to studies carried out with purified
proteins. The earliest studies were done with wild-type enzymes isolated from
tissues. These showed that rat tyrosine hydroxylase could be phosphorylated by
PKA (138), with the incorporation of up to 0.7 mol of phosphate per monomer
(139). When the enzyme was assayed at pH 6, the effect of phosphorylation was
to decrease the value of the K for 6-MePH,, without affecting the v, value or
the K, value for tyrosine (138, 139). It was subsequently reported with the
bovine brain enzyme that phosphorylation increases the pH optimum from 6 to
about 6.6, so that the effects of phosphorylation by PKA depend on the pH of the
assays (140). At pH 6, phosphorylation led to a decrease in the K for BH,, of
about threefold and an increase in the K; value for dopamine of about twofold; at
pH 7, the K, value for BH, was down twofold, the V, ., value was up threefold,
and the K; value for dopamine was up eightfold.

The observation that tyrosine hydroxylase purified from bovine or rat cells
contained tightly bound catecholaminesis clearly relevant to these early studies.
Andersson et a (141) reported that the EPR spectrum of the enzyme was insensi-
tive to the presence of substrate unless it was phosphorylated by PKA (43, 141).
Upon phosphorylation the iron in the purified enzyme could be reduced by a
tetrahydropterin (141). The same group subsequently reported that phosphoryla-
tion increased the rate of dissociation of bound norepinephrine by about sixfold;
apK, value of 5.3 was measured for the dissociation of the unphosphorylated
enzyme (142). These data thus suggested that a major effect of phosphorylation
was to release a bound inhibitor rather than to simply increase the rate of cat-
alytic steps. By using recombinant rat enzyme, Daubner et a (143) were able to
separate the effects of phosphorylation of serine 40 on catecholamine binding
and catalysis. The recombinant enzyme lacked both covalent phosphate and
bound catecholamine; it also had a much higher specific activity than nonrecom-
binant enzyme. At pH 7, phosphorylation of serine 40 with PKA had only a mod-
est effect, decreasing the K ,, value for BH, about twofold, consistent with
previous studies of the nonrecombinant enzyme. Binding of dopamine to the
recombinant enzyme decreased its activity by afactor of 20; the specific activity
of this dopamine-complexed enzyme was the same as nonrecombinant rat
enzyme, consistent with the presence of catecholamines in the latter. Subsegquent
phosphorylation of the dopamine-bound recombinant enzyme resulted in alarge
increasein activity at pH 7 owing to adecrease of twofold inthe K for BH, and
anincrease of tenfold inthe V,, ,, value. Anidentical effect was seen upon phos-
phorylation of the nonrecombinant enzyme. Thus, the effects of phosphorylation
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of serine 40 on tyrosine hydroxylase can be attributed to a modest decrease in
the K., value for the tetrahydropterin and a release from the inhibition by bound
catecholamines. Ramsey & Fitzpatrick (79) subsequently measured the effects of
phosphorylation of serine 40 on the binding of dopamine and dihydroxypheny-
lalanine to both the inactive ferric and to the active ferrous forms of tyrosine
hydroxylase. No significant effect was found on the binding of either cate-
cholamine to the ferrous form of the enzyme. In contrast, there was a large effect
on binding to the ferric enzyme. The affinity for dihydroxyphenylalanine
decreased some 18-fold and that for dopamine over 300-fold upon phosphoryla
tion; the effects were due to comparable increases in the dissociation rates.

Thus, with regard to serine 40, the effects of phosphorylation on activity can
be explained by the mechanism shown in Figure 9. The unphosphorylated enzyme
with ferrousiron is fully active. Oxidation of theiron to the ferric form resultsin
inactive enzyme, but this can be reduced by BH ,. Accumulation of the product
dihydroxyphenylalanine or dopamine results in formation of the inactive enzyme-
catecholamine complex. Phosphorylation leads to dissociation of the inhibitory
catecholamine, allowing the iron to be reduced and catalysis to commence.

The effects of phosphorylation at the other serine residues are much less under-
stood. Vulliet and coworkers (144) showed that the rat enzyme could be phos-
phorylated by CaM-PK and that the phosphorylation occurred at a separate site
from that labeled by PKA. No change in enzyme activity was detected on incor-
poration of 0.3 mol of phosphate per monomer catalyzed by CaM-PK. When the
stoichiometry of labeling was 1.3/monomer, both serines 19 and 40 were |abeled
(125, 145). Treatment of the rat enzyme with CaM-PKI1 has been reported to have
no effect on the activity unless a separate activator protein isincluded; in its pres-
ence the activity increases about twofold at pH 6 or 6.5 (146, 147). The activator
protein has been identified as a neuronal protein of the 14-3-3 family (148, 149);
thisisahighly conserved family of brain proteinsinvolved in a number of signa
transduction pathways (150). Atkinson et a (147) also reported that no increase in
the activity of the rat enzyme occurs upon phosphorylation by CaM-PKII unless a
separate activator protein isincluded, in which case thereisa 2.5-fold increase. In
this case, when the stoichiometry of phosphate incorporation was 0.8/monomer,
the majority of the label (~65%) was at a single site, but two other tryptic peptides
were |abeled. Treatment of tyrosine hydroxylase from bovine chromaffin cells
with aMAP kinase isolated from the same cells resulted in phosphorylation of
serines 31 and 40, with atwofold activation (136).

dopa,BH30H
BH
EFe(lll)catechol <= EFe(lll) 4__—4> EFe(II)<

catechol 0, tyr,BH4,0,

Figure9 Regulatory mechanism for tyrosine hydroxylase.
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There have been a series of studies with the different isoforms of human tyro-
sine hydroxylase. Because they were done with recombinant enzymes, thereis no
endogenous phosphate or bound catecholamine to complicate interpretation of the
results. As noted above, there are four isoforms of the human enzyme owing to
differential splicing, differing in the size of an insert before serine 31 of hTHL.
PKA phosphorylatesisoforms hTHZ1, hTH2, and hTH3 on the same residue, equiv-
alent to serine 40 of hTH1 and the rat enzyme. With hTH1 and hTH2, this results
in atwofold decrease in the measured value of the K for BH,, no changein the
Ve Value, and athreefold increase in the K, for dopamine (127). These effects
onK ,andV, ., values are comparable to the results reported for the recombinant
rat enzyme. In contrast, phosphorylation of hTH3 by PKA resulted in an increase
of 2.5-fold in the values of both the K, for BH, and the K; for dopamine (129).
CaM-PKI1 phosphorylated both serine 19 and the residue corresponding to serine
40 in isoforms hTH1, hTH2, and hTH3 (127, 129). In addition, the serine
corresponding to serine 31 was phosphorylated by CaM-PKII in hTH2 (127).
Phosphorylation by CaM-PKII was reported to have no significant effects on the
activity of hTH1, hTH2, or hTH3, with the exception of atwofold increase in the
K, value for dopamine with hTH2 (127). However, in a subsequent report an
increase in activity upon phosphorylation of hTH1 by CaM-PKII was described,;
the increase showed a correlation with the extent of phosphorylation of serine 40
by this kinase (130). No further activation was seen upon the addition of 14-3-3
protein. MAP kinase (ERK) phosphorylates all four isoforms at different rates,
with hTH3 and hTH4 being good substrates for the kinase, whereas hTH2 was
phosphorylated very slowly (130). In hTHZ1, hTH3, and hTH4, phosphorylation
occurred at serine 31 or the analogous residue. In the cases of hTH1 and hTHS,
the activity doubled upon incorporation of a stoichiometric amount of phosphate.
Finally, MAP kinase-activated kinase 1 phosphorylates al four isoforms on serine
40, whereas MAP kinase-activated kinase 2 phosphorylates all four isoforms on
both serine 19 and 40 (130). With both kinases, the activities of al the tyrosine
hydroxylase isoforms increased up to threefold; the amount of the increase corre-
lated with the extent of phosphorylation of serine 40.

Tryptophan Hydroxylase

Because of the lack of pure enzyme, the regulatory properties of tryptophan
hydroxylase have seen relatively little study. The activity of the enzyme is
affected by phosphorylation. The site of phosphorylation by PKA has been iden-
tified as serine 58 by site-directed mutagenesis (20, 151). However, the effects of
phosphorylation on activity, which have been described to date, have been quite
modest. Incubation of rat brain extracts with ATP, MgCl.,, and CaCl,, was ini-
tially shown by Yamauchi & Fujisawa to increase the activity of tryptophan
hydroxylase about twofold (152). The requirement for Ca2* suggested a need for
a calcium-dependent kinase. This was confirmed when these authors reported
that incubation of a partially pure preparation of the rat brain enzyme with CaM-
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PKI1 increased the activity about twofold (153). The preparation used also con-
tained an activator protein; this activator protein was subsequently identified as a
14-3-3 protein (146, 148), also involved in activation of tyrosine hydroxylase.
Direct phosphorylation of tryptophan hydroxylase by CaM-PKIl was demon-
strated by Ehret et a (153a). In addition PKA has been shown to phosphorylate
this enzyme, resulting in twofold activation if the activator protein is present
(154). The effects of PKA and CaM-PK 1 were the same and were not additive,
suggesting that the same site is phosphorylated by both. The activation was
caused by a 30% decrease in the K, value for 6-MePH , and a 50% increase in
the V., vaue. Direct binding of a 14-3-3 protein to tryptophan hydroxylation
was demonstrated by Furukawa et al (155). Binding required prior phosphoryla-
tion by CaM-PKII. The K 4 value for binding of the phosphorylated enzyme to
bovine 14-3-3 proteins was measured as 30 nM by Banik et a (156). These data
are all consistent with a single phosphorylation site, serine 58, and with an addi-
tional requirement for a 14-3-3 protein for activation. However, there have been
reports of activation by phosphorylation alone (151, 156).

PERSPECTIVES

Phenylaanine, tyrosine, and tryptophan hydroxylase have attracted a great deal of
scientific interest over the years because they catalyze reactions critical for the
proper functioning of the central nervous system and because they constitute a
self-contained family of monooxygenases with novel properties. In recent years
the availability of the recombinant enzymes has allowed significant progressin
elucidating the mechanisms, structures, and regulation of these pterin-dependent
monooxygenases. The homologous catalytic core of each protein has been identi-
fied, and the structures of the catalytic domains of phenylalanine and tyrosine
hydroxylase have been determined. Thiswill allow more detailed analyses of the
roles of individual amino acid residuesin catalysis and stability. Details of the cat-
alytic events are beginning to emerge. However, the specific role of the iron atom
and the structure of the hydroxylating intermediate remain elusive. Knowledge of
the regulatory properties, critical to understanding the biology of these systems,
has progressed unevenly. With phenylalanine hydroxylase, phenylalanine and
tetrahydrobiopterin levels interact in determining the enzyme activity; how thisis
modulated by phosphorylation has not been determined in any quantitative fash-
ion. For tyrosine hydroxylase, detailed analyses of the effects of phosphorylation
have been carried out for only one of the several phosphorylation sites. Under-
standing the regulatory properties of tryptophan hydroxylase has only just begun.
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