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I Introduction, Scope, and Historical Background

Tetrahydrobiopterin-dependent systems occupy sev-
eral interesting niches in biological chemistry, as
metalloproteins that activate O, for highly specific
oxidations, as regulators for aromatic amino acid
metabolism, and as mediators for the health and
proper functioning of the brain. Phenylalanine,
tyrosine, and tryptophan hydroxylases perform criti-
cal and potentially rate-limiting steps in phenylala-
nine catabolism (PAH), epinephrine/catecholamine
biosynthesis (TyrH), and serotonin biosynthesis
(TrpH). This review is intended to be comprehensive
with regard to the biophysical, structural, and cata-
lytic properties of these three enzymes as reported
to the end of 1995. One cannot discuss mechanistic
aspects of these non-heme iron-dependent, pterin-
dependent amino acid hydroxylases without an ex-
tensive consideration of the coordination chemistry
of iron, the organic chemistry of pteridines, and the
reactivity of each, which are duly emphasized in the
current review. For the more frequently reviewed
aspects of these enzymes, including the extensive
work on PAH mutations and population genetics' and
medical aspects including neurological effects, phar-
macological studies, and developmental regulation,?3
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not covered here, the interested reader is referred to
the cited literature. Recent reviews of the catalytic
chemistry,* regulation by phosphorylation,®> and gen-
eral behavior® of these hydroxylases are available,
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Figure 1. Cycling of the tetrahydropterin cofactor during
hydroxylase catalysis.

as is a very recent, shorter review.” A very useful
volume that covers aspects of pterin chemistry and
reviews all three of the principal hydroxylases is
available,® as is a recent book covering various
aspects of pterin chemistry.® Conferences focusing
on pteridines and folates have resulted in the ap-
pearance of two series with that emphasis.’0~%?
Finally, a collection of purification and analysis
methods is available.’®

This review will concentrate on the chemical prop-
erties of the tetrahydrobiopterin-dependent hydroxy-
lases (EC 1.14.16.x), and their relationship to the
biophysical behavior and regulation of each enzyme.
The structural and chemical analogies found in these
enzymes are compelling, but can obscure important
functional dissimilarities relevant to physiological
chemistry, especially given the widely varying knowl-
edge of each. The most important common mecha-
nistic theme is the use of molecular oxygen by an
active site containing a single, reduced iron atom to
hydroxylate an unactivated aromatic substrate, con-
comitant with two-electron oxidation of a tetrahy-
dropterin cofactor to its quinonoid dihydropterin form
(Figure 1). Where R = CHg, the often-used unnatural
cofactor 6-methyltetrahydropterin (6MPHy,), the trans-
formation is 6MPH,; — 4a-hydroxy-6MPH, — Q-
6MPH,. (The systematic name for the intermediate
4a-carbinolamine (based on the number of double
bonds) should be 4a-hydroxy-tetrahydropterin, but
this gives a misleading indication of the oxidation
state; the intermediate is the 4a,5-hydrate of
g-6MPH;.) Much of what is understood about the
mechanisms of these enzymes has come from studies
of the liver PAH, even though this cannot provide a
full picture of the reactivity of the whole class. (For
instance, the product of TyrH is a catechol, a class
of compounds that strongly inhibits {Fe®*}PAH.)
However, the striking similarities in the nature of
the transformations these enzymes can perform,
including the observation that each of the aromatic
amino acid hydroxylases can hydroxylate L-Phe and
L-Trp, leads ineluctably to the conclusion that they
generate a very similar oxygenating intermediate.
These three activities were isolated within a decade
of each other, and have been considered in parallel
ever since, with PAH studies leading the way. This
review reflects this trend in emphasizing what is
known about PAH; we hope to lay plain how much
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awaits detailed investigation, particularly with the
related hydroxylases.

Dysfunction of PAH causes phenylketonuria (PKU),
the most common clinically significant inherited
disorder of amino acid metabolism. The principal
clinical manifestation of PKU is severe, progressive
mental retardation caused by the neurotoxicity of
phenylalanine metabolites. PKU was one of the first
recognized inborn errors of metabolism** and was the
first known cause of mental retardation.’> (McCu-
sick’s Mendelian Inheritance in Man (MIM) Cata-
logue Number 261600; http://gdbwww.gdb.org/omim-
bin/omim/bin/omimx?261600.) The importance of
catecholamine neurotransmitters has increased the
scrutiny of TyrH for potential linkage to a number
of psychological disorders, including schizophrenia,
manic depressive illness, and Gilles de la Tourette
syndrome. In these cases, no clear linkage with the
TyrH locus has arisen from pedigree analysis, which
is perhaps unsurprising in light of the complexity of
these syndromes. Disruption of 3,4-dihydroxy-L-
phenylalanine (L-Dopa) formation by TyrH is the
result of the death of nigrostriatal pathway neurons
in Parkinson’s disease, which is typically treated by
L-Dopa replacement therapy. Segawa’s hereditary
progressive dystonia, a motion disorder, does appear
to be associated with point mutants in TyrH.'® The
function of serotonin, which is formed from the
product of the TrpH reaction, is less well-understood,
but is known to be low in the brains of suicides. Both
serotonin and melatonin appear to be involved in
circadian regulation. That clinically significant con-
ditions may arise from altered pterin-dependent
hydroxylase activity has been well-established for
PAH and is suspected for the others; a major thrust
in current research centers on uncovering the mo-
lecular details of hydroxylase function in hopes of
future medical benefits.

Formation of tyrosine from phenylalanine was
known early in the present century,'# and the direct
transformation was demonstrated, using labeled
phenylalanine, in water-soluble liver extracts. Fur-
thermore, the sensitivity of this activity to cyanide
and azide suggested the involvement of a metallo-
enzyme.l’ The enzyme responsible for this transfor-
mation, PAH, was isolated in 1957.*® Shortly there-
after,'® the requirement for a tetrahydropterin was
determined using the high-activity, synthetic cofactor
analogues 6,7-dimethyltetrahydropterin (DMPH,) and
6-methyltetrahydropterin (6MPH,), the second of
which remains particularly useful in this field. In
1963 the natural cofactor was identified as tetra-
hydrobiopterin, or (6R)-erythro-2,3-dihydroxypropyl-
tetrahydropterin, isolated from rat liver extract.?°
The previous year it was reported that the tyrosine
phenolic hydroxyl group derived from 80, not H,%0.%
About this time a pterin-dependent TyrH activity was
observed in neural tissues,?>~2* and TrpH not long
afterward.?>?6 The availability of modern molecular
genetics has leveled the playing field somewhat, and
it is at the beginning of the fifth decade of enzymo-
logical study of tetrahydropterin-dependent systems
that we are poised to answer fundamental mecha-
nistic questions about each of the enzymes and the
family as a whole.
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Figure 2. The PAH reaction, the first step of catabolism
via tyrosine.

Il. Molecular Properties

A. Phenylalanine Hydroxylase [PAH, EC 1.14.16.1]

1. Distribution and Physiological Function:
Phenylketonuria

PAH from rat liver remains the exemplar of this
class of enzymes, since it is highly active, soluble, and
abundant (0.1—-0.3% total liver protein). It has been
pointed out that there is enough PAH present in liver
to completely strip L-Phe from the blood in a manner
of several minutes, were it all to suddenly become
fully active.?” As a result, the regulation of PAH
activity has been of acute interest in the study of this
enzyme. The rather limited distribution of PAH
(liver, with a minor kidney enzyme) was apparent
early in its study. PAH activity is controlled indi-
rectly by glucagon, which stimulates the formation
of L-Tyr as the first committed step in L-Phe catabo-
lism, a process that results in the formation of one
molecule of fumarate and one of acetoacetate (acetyl-
CoA) from each amino acid (Figure 2). An investiga-
tion of the mechanism of glucagon stimulation re-
vealed that increased phosphorylation of PAH and
other enzymes occurs in liver, causing correlated
stimulation of gluconeogenesis and inhibition of
glycolysis.?® This leads to rapid clearance of blood
L-Phe, due to allosteric activation of PAH by its amino
acid substrate (section 11.A.3.2). (Throughout this
review, we use the term “activation” in reference to
PAH to refer solely to the allosteric activation of the
enzyme by L-Phe, the well-characterized artificial
activator lysolecithin, or several irreversible activat-
ing treatments.) Liver PAH, through its allosteric
activation phenomena and by phosphorylation, is
thought to maintain homeostatic regulation of plasma
L-Phe.

Failure to remove serum L-Phe results in hyper-
phenylalaninemia (HPA) and an accumulation of
phenylpyruvate, formed by tyrosine aminotrans-
ferase (TAT, EC 2.6.1.5), and its metabolites, which
are neurotoxic. The primary neurotoxin is believed
to be L-Phe.? L-Phe concentrations above a threshold
value (>1000 uM plasma L-Phe; tolerance of <500
mg L-Phe day1) are diagnostic of clinical PKU, and
the progressive mental retardation that results is
slowed by restricted L-Phe intake.? Annually 10
million newborn infants worldwide are tested within
three or four days of their birthday, and again at two
weeks, for high levels of L-Phe (>150 uM plasma
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L-Phe) and thereby PKU.?® During development,
high levels of L-Phe are associated with alterations
in the architecture of the brain. Problems include
abnormal myelination, cortical plate width, dendritic
arborization, and the number of synaptic spines.3°
Behavioral disorders, especially agoraphobia,3! are
associated with PKU, and have an unknown organic
origin. In addition to lower 1Q scores, treated PKU
patients have deficiencies in the performance of
conceptual, visuospatial, and language-related tasks,
including reading and arithmetic; they may have
problems with motor coordination, attention span,
response time, and problem-solving ability.? Even in
well-treated PKU, dysmyelination occurs, which may
cause some or all of the above.3 An animal model
of PKU has recently been reported, and will perhaps
lead to a deeper understanding of this process.®

There is also a subtype of mammalian PAH found
in proximal kidney tubules.343° It is less abundant
than liver PAH,35 consistent with comparative activ-
ity determinations of 20% in humans® and 8% in
rat.*® These different tissue types appear to arise
from identical mMRNAs.*? PAH isolated from rat
kidney has approximately 10-fold lower specific ac-
tivity than the liver form.#24® Although the physi-
ological significance of this form of PAH is unknown,
it appears to be a substrate for cAMP-dependent
protein kinase** and is isolated with 0.21 4+ 0.01
phosphate per subunit.*?> While glucagon treatment
of rats did not cause phosphorylation of kidney
PAH,*? parathyroid hormone did increase the phos-
phate content.** With the use of rat and human
sources, no difference in K, values was identified
between the liver and kidney forms, leading to an
early assertion that they were identical,®” excepting
the lower specific activity and greater lability of the
kidney enzyme.®® A later study using purified, higher
activity enzyme showed that the kidney enzyme had
several of the characteristics of allosterically acti-
vated PAH, including increased hydrophobicity in the
absence of activator and a hyperbolic, high BH,-
dependent activity (which these investigators use to
guantitate the extent of L-Phe activation). However,
the characteristic expanded substrate specificity of
activated liver PAH was not detected for kidney PAH,
nor was any stimulatory effect of phosphorylating
conditions detected. The isolated kidney enzyme is
a dimer in solution, which led the authors to suggest
that there may be differences in the post-transla-
tional processing of kidney PAH.*> The presence of
even a minor form of PAH that was always “on”
might be expected to have significant implications for
L-Phe homeostasis, which are not yet known.

Recently PAH activity was identified in melano-
cytes, where with TyrH it participates in melanin
biosynthesis.*®* Phenylketonurics are often very fair-
skinned, which was attributed to L-Phe inhibition of
the melanocyte TyrH. The strains of mice used as a
model for PKU model are similarly hypopigmented.*®
Co-localization of the two enzymes is an attractive
strategy for tissues that require appreciable amounts
of L-Tyr, the least soluble of the 20 common amino
acids (solubility ~1% that of L-Phe). However, TyrH
has some PAH activity that may be physiologically
significant,*”~*° which will be discussed in the context
of that enzyme’s reactivity.
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The single-copy gene for PAH has been located on
human chromosome 12,5051 consistent with the au-
tosomal inheritance pattern of particular PKU phe-
notypes and linkage to other markers. As a comple-
ment to the large-scale PKU identification effort,
molecular genetics has uncovered dozens of the PAH
mutations that cause PKU or HPA. This has become
a fascinating subfield of human genetics that is
growing rapidly.® Particular mutations appear to
move with language groups, which helps explain the
uneven incidences of PKU, ranging from 0.8 to 50
per 100 000 births in Japan and Turkey, respec-
tively.! Particular human PKU mutations are not
discussed in the present review, except where they
have been related to specific catalytic consequences.

2. Molecular Properties

Liver PAH is a homotetrameric protein with sub-
unit weights near 50 kDa (50—53 kDa). All mam-
malian PAH has an absolute requirement for iron;
the availability of which may even provide a limited
amount of regulatory modulation.5? No posttransla-
tional modifications other than phosphorylation are
known,33%* and even this causes only subtle in vitro
kinetic changes. A procedure involving a L-Phe-
mediated hydrophobic affinity step was introduced
by Shiman in 1979,% and has proven to be a versatile
method for purifying high activity PAH from a
variety of other natural (human,’® mouse, cow,%”
baboon, rabbit, and goose®®) and recombinant (rat
gene, E. coli, or baculovirus®-61) sources. (Different
methods have been used to purify monkey PAH .62:63)
This method of purification is easily scaled up and
gives consistent, high activity yields of PAH;%* as a
result it is essentially the only procedure now used,
although various other procedures have been
employed.5462.65-69 Recombinant sources of PAH are
as active as the enzyme isolated from hepatic tissue,
contain up to one equivalent of tightly bound non-
heme iron per subunit, and lack phosphate.

Two continuous assays for PAH activity are most
frequently used with purified protein, in which the
quinonoid dihydropterin (g-XPH,) formed by the
hydroxylation reaction is re-reduced quickly to XPH,4
by DTT%56470 or NAD(P)H/DHPR.577 Subsaturating
amounts and continuous regeneration of XPH, are
used because of this cofactor’'s high autooxidation
rate.”? This background rate is determined with an
assay mixture lacking only L-Phe. Other methods
include colorimetric determination of L-Tyr,8 crystal-
lization of (usually “C-labeled) L-Tyr,” continuous
detection of XPH; formation (at 330 nm, an isoshestic
point between g-DMPH, and 7,8-DMPH,),” or direct
fluorescence detection of L-Tyr separated by HPLC.™
The assay generally used for crude samples is the
conversion of L-[**C]Phe to L-[**C]Tyr. Additional
assays are summarized in an older review.”> Re-
gardless of the method of detection, PAH must be
thoroughly activated, either by L-Phe or lysolecithin,
prior to the addition of XPH,, in order to obtain
accurate initial velocities. This is particularly im-
portant if BH, is used as the cofactor.”®

All of the mammalian PAH enzymes whose se-
guences are known are highly homologous. To a
lesser extent, the homology extends to all the mam-
malian pterin-dependent hydroxylases, which have
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greater than 80% sequence identity after amino acid
159 (rat/human PAH numbering). Limited chymo-
tryptic digestion of rat hepatic PAH vyields three
peptides: a 11 kDa N-terminal fragment, a 36 kDa
catalytic core, and a 5 kDa C-terminal fragment.””
This highly active catalytic core corresponds well to
the highest sequence similarity among the hydroxy-
lases. Like several other activating treatments, it
results in a dimeric configuration of PAH.5

The kinetic complexity of PAH has provided the
impetus for studies intended to link structural fea-
tures with mechanism. While the rat liver enzyme
has been crystallized,” further progress on the X-ray
crystal structure of PAH has not been reported. It
remains a challenging proposition to determine the
three-dimensional crystal structure of this protein,
particularly the details of the catalytically active iron
site’s coordination environment. Even a structure of
the “inactive” PAH would be eagerly welcomed, as it
would make intelligible the many mutations known
to cause PKU and might illuminate how the various
allosteric and active site pockets interact or overlap.

Cotton and co-workers have pioneered the use of
monoclonal antibodies in mapping out the various
functional regions of PAH.”® In a study using 11
antibodies raised against monkey liver PAH, Jen-
nings et al. used a competition assay to sort their
specificities into five different antigen groups, rep-
resenting eight different regions. The competition-
sorted groups also had similar functional effects on
PAH activity. Group C consisted of four antibodies
able to cause an increase in BH,-dependent PAH
activity, two of which stimulated PAH to the same
extent (in a 1:1 complex) as treatment with 1 mM
lysolecithin. The binding of all four to PAH could be
inhibited (92—97%) by preincubation with 10 mM
lysolecithin. Lysolecithin and antibody binding was
evident for six of the eight groups, which the authors
regard as evidence supporting a large conformational
change upon activation.

The binding of PH-1, an inhibitory antibody, was
found to depend upon added L-Phe, with a half-
maximal effect at 0.1 mM (comparable to the Kg app
for the allosteric activation site of L-Phe®) and no
complex formation below ~70 uM L-Phe.”® PH-1 was
found to be noncompetitive with either L-Phe or
6MPH, in assays initiated by the addition of enzyme.
If BH, was used as the cofactor, a stoichiometric
amount of PH-1 could inhibit the enzyme activity
5-fold if L-Phe, PAH, and PH-1 had been preincu-
bated together. In addition to the diminution of Vpax,
PH-1 changed the shape of the BH,-dependent L-Phe
saturation curve from sigmoidal to hyperbolic (Hill
coefficient 2.0 — 1.0). The authors propose that this
antibody recognizes a region involved in allosteric
activation of PAH?®! but no epitope has yet been
identified. PH-8, which reacts with all three aro-
matic amino acid hydroxylases,®? is mapped to the
same competition group as PH-1.7° The partial or
complete epitope for PH-8 was determined, by isola-
tion of PH-8 immunoreactive tryptic and chymotryp-
tic peptides from PAH, to fall within PAH amino
acids 139—-154.83

A different approach to the use of antibodies
involves the generation of anti-idiotypic antibodies.
The key concept of anti-idiotypic antibody formation
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is that antibodies raised against an antigen can
themselves induce antibodies directed against the
antigen/antibody combining sites of the primary
antibody.8* These “anti-antibodies” can in some cases
mimic the original effect of the hapten, such as was
demonstrated for the acetylcholine (ACh) receptor
with an antibody specific for an antibody to an ACh
agonist—BSA conjugate.®®> This concept was used to
generate pterin-induced anti-idiotypic monoclonal
antibodies from mice immunized with a DMPH,-BSA
conjugate, selected on the basis of their ability to bind
PAH. These antibodies (NS-1, NS-6, and NS-7)
bound native DHFR and DHPR from several sources,
but only DHFR was inhibited by NS-6 and NS-7.
Methotrexate (MTX) prevented NS-6 and NS-7 from
binding DHFR .86

Reimmunization of mice with NS-7 elicited DMPH,-
binding antibodies, consistent with the combining site
of NS-7 bearing some unknown chemical resemblance
to DMPH,. NS-7 failed to bind PAH in the presence
of millimolar amounts of 7,8-DMPH; and was shown
to bind to immobilized pterin-binding proteins such
as all three aromatic amino acid hydroxylases, DHPR,
and sepiapterin reductase.?’” Finally, the epitope for
this apparent pterin mimic was located using limited,
sequential proteolysis of PAH (with chymotrypsin
and V8) to generate an inactive internal segment of
the protein (residues 127—304). A 27 amino acid
synthetic peptide (residues 263—289) was tested for
its ability to bind NS-7: the peptide was competitive
with immobilized PAH for NS-7, and could be pre-
vented from binding NS-7 by 7,8-DMPH,. This series
of experiments does not reveal any affinity differ-
ences between NS-7 and pterin, meaning that NS-7
is a pterin “agonist” and that the peptide sequence
harbors all or part of the pterin-binding specificity
of PAH. The last three residues of this peptide were
excluded from a pterin-binding role by limited pro-
tease treatment, and the remaining sequence was
designated the putative pterin-binding sequence
(PPBS).%8

The PPBS peptide competes with PAH for a
DMPH, conjugate,® but loses this ability following
cyanogen bromide treatment, which splits the peptide
nearly in half at Met275.8° Throughout these stud-
ies, binding of PAH and PAH fragments to im-
mobilized supports is employed, so it is difficult to
assess quantitatively what fraction of the binding
affinity is lost (if any) as the authors progress from
full-length, native PAH to a single peptide represent-
ing ~6% of the protein sequence. Despite the con-
voluted and perhaps tenuous connection between
pterin and NS-7, mutagenesis of the PPBS region did
identify one functionally important residue, which is
discussed below.

Active-site labeling with mechanism-based inacti-
vators or photoactivated inhibitors can indicate re-
gions of primary sequence that are important for
enzymic function.?%° For instance, flavin-dependent
enzymes have been productively studied using 8-azido-
FAD.?? Since PAH is known to tolerate various
6-substituted pterins and pyrimidines as cofactors
(section 111.D.1), a suitable pyrimidine analogue
might be able to locate the pterin binding site. This
was the strategy chosen by Gibbs and Benkovic in
their study of ANBADP (5-[(3-azido-6-nitrobenzyli-
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Figure 3. BH, and the photoactivatable pterin analogue
ABANDP.

dene)amino]-2,6-diamino-4-pyrimidinone, Figure 3)
labeling of PAH.%® Upon irradiation, this class of
compounds dissociates N, leaving a highly reactive
nitrene center poised on the cofactor near the enzyme
site of interest. Rat liver PAH was inactivated by
irradiation with 302 nm light in the presence of
ANBADP (or to a lesser extent, in its absence, since
PAH is mildly photolabile).® This compound com-
petitively inhibited PAH vs DMPH, (K; = 9 uM);
photoinactivation of PAH by ANBADP was partially
blocked by 6MPH, or the effective competitive inhibi-
tor 5-deazapterin. By using [*H]JANBADP, attach-
ment of 0.9 ANBADP per subunit could be demon-
strated, regardless of the allosteric state of the
protein, in a concentration-dependent manner pre-
dicted by the K, and consistent with high-efficiency
modification. ANBADP did not label the atypical
PAH from Chromobacterium violaceum (section
11.A.4.5). The site of modification falls in a relatively
hydrophobic region of PAH sequence, at Lys198 (and
to a lesser degree at Lys194). At this position, the
sequence is highly conserved among the PAH en-
zymes, and contains at least one Lys nearby in the
aligned TyrH and TrpH sequences.®®* From modeling
studies in which a pterin is docked onto unligated
X-ray crystal structures of both DHPR®* and DCoH,%%
Lys is thought likely to participate in mediating the
interaction with the pyrimidine portion of pterin.
Replacement of the “minor” Lys in TyrH had no effect
on pterin binding; an Ala occupies the position
analogous to Lys198 in rat TyrH.%” Interpretation
of the role played by these Lys residues is further
complicated by the expectation that those residues
involved in pterin recognition must interact with the
region of the cofactor molecule opposite to where the
reactive nitrene species was generated. Other pos-
sible functions for these Lys residues, however, such
as modulating the redox properties of the reduced
pterin cofactor or acting as a source of protons in
coupled proton transfer/cofactor oxidation reactions,
remain relatively unexplored.

The strongest evidence yet obtained for a particular
residue’s participation in the binding of pterin arose
in a study of the PPBS sequence by combined
mutagenesis/in vitro activity analysis.®® A MBP-PAH
chimera was employed to facilitate purifications. Of
all the mutants studied, mutants at only two posi-
tions yielded protein of <1% activity. The D282N
mutant rendered PAH completely inactive, while
D286A and D286Q exhibited some residual activity.
The other, less deleterious mutations were character-
ized by roughly the same K, values for pterin and
L-Phe. Notably, the purified D286A mutant had a
70-fold increase in BH; K, and did not bind im-
mobilized pterin conjugates. There was also a smaller
and somewhat surprising decrease in the L-Phe Ky,
for this mutant. Proof of the structural integrity of
the mutant protein is limited to (1) the identity of
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its CD spectrum with that of wild-type MBP-PAH
and (2) the low L-Phe K. Since PAH is a tetramer,
the effects of any single residue change will be
magnified 4-fold, so it becomes essential to proceed
especially carefully. In a sense, the hydrophobic
affinity purification of PAH is another way of deter-
mining that the overall enzyme’s structure is intact,
since it is selective for those protein molecules that
can reversibly undergo allosteric activation. In con-
trast, these constructs were purified using a different
procedure selective for the introduced MBP affinity.%

Using in vitro expression and activity analysis,
several groups have managed to associate particular
PKU-causing mutants with catalytic impairment of
PAH. Initially, these studies were performed in
eukaryotic cells, so that PAH would be properly
folded, phosphorylated, etc. The repeated demon-
stration that E. coli-expressed PAH is highly active
has caused much of this work to shift to that host.
(The results of various studies including in vitro
expression studies are updated regularly by the PAH
Consortium; available at http://www.mcgill.ca/
pahdb.) This technique has proven to be a rapid and
reliable means of screening particular sequences for
detailed analysis.®®

3. Regulatory Behavior

3.1. Gene Structure and Expression. The
region 5 to the gene for mammalian PAH lacks a
proximal TATA box, which puts PAH in a class of
“housekeeping” enzymes that are continually ex-
pressed in the appropriate tissue. There are consen-
sus sequences for multiple transcription factors
present in this region. The 13 exons of PAH are
spread across 90 kilobases of genomic DNA (q24.1
— g24.2), and more than a dozen deleterious splicing
mutations have been identified.»® Figure 4 compares
the structure of the aromatic amino acid hydroxy-
lases, and illustrates the conservation of exon/intron
boundaries (but not the intron sizes) among the
mammalian enzymes.

3.2. Allosteric Activation by Phenylalanine.
There is enough PAH present in liver to remove
L-Phe from serum completely within several minutes,
if all the enzyme were to become fully active. The
regulation of PAH activity or inhibition in the pres-
ence of normal serum L-Phe (~0.1 mM) is of obvious
importance. What might appear at first to be excess
PAH capacity is probably physiologically useful;
Shiman and co-workers found that 25% of a L-Phe
load at 4 times normal levels was removed in a single
pass through a perfused rat liver.?” This is correlated
with an increase of the specific activity of PAH, from
<1% to ~30% full capacity, that was shown in
separate experiments not to depend on protein syn-
thesis.’ Humans normally have similar, if lesser,
L-Phe-clearance capabilities that are drastically di-
minished in (and diagnostic for) PKU.2 The physi-
ological activation largely derives from the allosteric
behavior of PAH, which in the resting low-phosphate
state of rat liver PAH at pH 7.4 has a maximal slope
at 60 uM L-Phe.®% Phosphorylation appears to sen-
sitize the unactivated enzyme to L-Phe activation
(vide infra).

Allosteric activation as formally described by Mon-
od, Wyman, and Changeux® (MWC) imposes several
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Figure 4. A comparison of the human aromatic amino acid hydroxylase genes. The boundaries shown are for the exons
that comprise the coding sequence of the genes. The human PAH gene is colored according to the frequency of missense
and nonsilent mutations (excluding splice site alterations) from the >220 available by Oct 25, 1995. The data were obtained
from the PAH Consortium: http://www.mcgill.ca/pahdb. Note the much larger intron sizes in PAH compared to TyrH. The

data are taken from refs 103—105.

theoretical restraints on an enzyme undergoing ho-
motropic cooperative activation by substrate, both
structural and kinetic, all of which are fulfilled in
PAH. In order to simplify the discussion of activa-
tion, traditional allosteric nomenclature is used: the
resting, inactive state of PAH is the T state, and the
allosterically activated state is the R state. The
choice of this nomenclature should not be taken to
mean that the details of the MWC formalism have
all been met for PAH, nor that other models for
allosteric activation have been excluded (e.g., the
sequential model of Koshland et al.*%%). T and R refer
to the two kinetically distinguishable states of PAH
most commonly associated with L-Phe-dependent
allosteric activation. PAH activated by its substrate
or another true activator (such as lysolecithin, section
11.A.3.3) has a common set of kinetic parameters
associated with particular structural features (vide
infra). Because the mechanism of activation by these
other treatments is not known (and is not likely) to

be the same as allosteric activation by L-Phe, we

refer to Iysolecithin -activated PAH as PAH ccithin

rather than PAHI <olecithin: €V€N though there are no
known functional dlfferences between fully lysoleci-
thin- and L-Phe-activated PAH. The simplest crite-
rion of allostery, that the velocity response to applied
substrate is sigmoidal, is met for PAH isolated from
a variety of mammalian sources,>%? and for both un-
and phosphorylated rat liver PAH.?” Hill coefficients

describing this curvature range from 2 to 2.6, placing
PAH in an intermediate range of cooperativity.>®

The next important MWC criterion is that the
activator binds to a site distinct from the active site.
Using a gel filtration method, Shiman demonstrated
binding of 0.8 L-[**C]Phe per subunit upon activa-
tion.5® The rate of activation was shown to depend
on the L-Phe concentration and pH.8° The rate of loss
of labeled amino acid from R-state subunits was
further investigated in a particularly elegant study
that demonstrated L-[**C]Phe bound to the allosteric
activation site is protected from hydroxylation.>8
Under conditions that disfavor L-Phe reactivation, the
loss of PAH-bound L-[**C]Phe during catalytic turn-
over could be described well as a slow first-order
process, corresponding to the loss of a single equiva-
lent of label per subunit. This loss of activator was
concomitant with the loss of activity, as would be
expected for relaxation of the R state back to the
inactive (<3%) T state. By using characteristic
changes in fluorescence as an assay, L-Phe was found
to inhibit this relaxation process, i.e., the R-state
enzyme is “kinetically trapped” by its activator.>®
Both the forward (PAHT + L-Phe
PAHR phelL.-Phe]) and reverse reactions have the
same, pronounced temperature dependence that cor-
responds to an Arrhenius activation barrier of ~34
kcal (mol subunit)~1.588 This correctly predicts that
the activation equilibrium (Kgapp for the allosteric

—
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L-Phe site) has a shallow temperature dependence,8
implying the existence of a small AH associated with
allosteric activation.

At increased pH, the rate of L-Phe activation
increases, while the amount of L-Phe required to
activate PAH falls (60 uM — 38 uM at pH 6.8 and
8.0, respectively). This enhancement was interpreted
as being the result of an increased forward rate of
activation under alkaline conditions. Since the re-
verse reaction has little pH dependence, increased
pH favors activation as a group with pK ~8.1 is
titrated.588 At some pH, the activation energy
barrier for the T — R conversion becomes insignifi-
cant. The possibility of this occurrence is discussed
in the section on alternative activation pathways
(section 11.A.3.3).

A final prediction from the MWC model is that
activation will increase the size of an allosterically
regulated protein as the active site is formed or
exposed. This structural distortion has been directly
observed recently in this laboratory, both as an
increase in the apparent Stokes radius (T =55 A, R
= 56.7 A) of the tetramer determined by gel filtration,
and in preliminary low-angle X-ray scattering experi-
ments. This ~10% increase in volume is too small
to reflect a change in the oligomeric state of PAH,
and is consistent with a L-Phe-induced exposure of a
catalytically competent active site.5!

Other alterations in the protein are consistent with
some large distortion of the enzyme matrix. There
is the large activation energy barrier mentioned
above, which hints at a profound distortion in the
protein’s structure. Shiman’s affinity purification
depends upon the reversible increase in PAH hydro-
phobicity that is associated with conversion to the R
state, which greatly increases the affinity for hydro-
phobic column materials by PAH.5® Finally there is
a characteristic bathochromic shift in the fluores-
cence emission caused by the T — R transition, and
increased quencher accessibility to at least one of the
three tryptophan residues of PAH.8106 However,
there are only subtle changes in the far-Uv CD
spectrum, hence secondary structure, of PAH, sug-
gesting that there is only a slight increase in the
proportion of o helix found in the R-state enzyme.!

Using their system of MBP-human PAH fusion
protein expression, Knappskog and Haavik replaced
each of the three Trp residues present in human PAH
(120, 187, and 326; these are also present in rat liver
PAH) with the comparatively nonfluorescent Phe.10”
Several of these mutants had altered aggregation
properties, which led to correspondingly low yields
resulting from difficulties in cleaving soluble entities
from the fusion proteins. All of the cleaved Trp —
Phe mutants, including the triple mutant, had at
least a third of the wild-type activity. All were
cooperatively activated by L-Phe, but W120F, W120l,
and the triple mutant had Hill constants below 1.7.
The apparent affinity for L-Phe activation in all of
the Trp — Phe mutants ranged from 50 to 470 uM.
All three of the single-Trp double mutant forms of
PAH were prepared and their fluorescence properties
examined. The majority of the fluorescence intensity
arises from Trpl20, determined by the comparing
guantum yields of both the T- and R-state enzymes.
Trpl20 is also the most solvent accessible of the
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three; the single Trp mutant has Stern—Volmer
guenching constants nearly equal to wild-type PAH
in the T (KI quenching) and R (acrylamide quench-
ing) states. Titration of the Trp120 double mutant
with BH, (in the presence of excess Fe?™ and DTT)
showed appreciable fluorescence quenching nearly
identical to a titration of the wild-type PAH. Addi-
tion of 3—4 equiv of Fe?t to the Trpl87 double
mutant, a relatively buried position, caused 22%
guenching, in contrast to less-pronounced effects on
the other two single-Trp proteins. In sum, these
results indicate that Trpl120 is the primary PAH
fluorophore, has the longest fluorescence lifetime, and
has a limited effect on the allosteric activation
process.1%” While it is likely to be a relatively small
error, the tendency of these proteins to aggregate,
which may reflect a tendency to denature and in-
creased solvent accessibility of regions ordinarily
buried in the wild-type protein, blunts the force of
conclusions obtained from fluorescence-quenching
measurements.

3.3. Other Activators. Various other stimula-
tory treatments have been identified in the study of
PAH, the most important of which, phosphorylation,
is discussed in the following section. The treatments
discussed in this section have no known physiological
importance.

In a series of papers, Fisher and Kaufman devel-
oped the concept of L-Phe activation and Kaufman’s
group discovered several treatments that appeared
to give maximally active enzyme, i.e., removed the
necessity for L-Phe activation.?”102108-111 Prjgr to this
it had been observed that propanol was able to
stimulate PAH activity,'*> and butanol was even
more effective.1%2 Preincubation with lysolecithin or
one of several other phospholipids generates fully
activated PAH, despite the fact that they bear no
structural resemblance to L-Phe and are not sub-
strates. Lysolecithin appears to be a weakly coop-
erative activator.6%192 The catalytic activity of PAH
fully activated in this way functions like enzyme
activated by L-Phe preincubation, making this tech-
nique quite useful for the separate investigation of
the allosteric activator and substrate roles of L-Phe.&
DTNB-reactive thiol increases following exposure to
either lysolecithin or L-Phe, which suggests that the
conformational changes resulting from activation are
similar at that level.1%?

Lysolecithin activation has been employed to de-
termine the overall kinetic mechanism of PAH across
3.5 orders of magnitude in [L-Phe]. This had not been
possible with L-Phe alone because of the requirement
for L-Phe activation at relatively high (>0.1 mM)
concentrations.5? Lysolecithin activation has been
used to assay the alternate substrate specificities of
fully active PAH (discussed in section 1V.B.2), which
would otherwise be complicated by L-Phe competition
for the active site. In support of the structural
changes caused by the formation of R state, there is
an identical increase in the hydrophobicity of lyso-
lecithin-activated enzyme.8 An issue that awaits
further investigation is the determination of the
oligomeric state of lysolecithin-activated enzyme,
which was reported to be the same as the native
enzyme by sucrose-gradient centrifugation.1%?
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Other treatments that lead to higher activity
include limited chymotrypsin proteolysis, alkylation
of Cys236 (rat liver numbering) by N-ethylmaleimide,
and raising the pH. Only the last of these is
potentially reversible. Interestingly, all three of
these treatments result in partial or complete con-
version of the PAH tetramer into dimers.® As was
mentioned above, limited digestion with o-chymo-
trypsin results in the release of a dimer of the active
36 kDa catalytic core,”” which has a solution radius
of 36 A and sediments as a 3.9 S particle.’%2 The
addition of L-Phe accelerates proteolysis slightly,
while BH,, an allosteric inhibitor (following section),
blocks it.1** A small increase in the mean residue
ellipticity at 222 nm that is correlated with activation
can be followed during chymotryptic proteolysis,
linking activation with a conformational alteration.*?
(Larger effects are seen with lysolecithin activation,
which are more pronounced than those due to L-Phe
activation, indicating additional distortions caused
by that process.0)

The change in the number and reactivity of DTNB-
detectable free thiol groups following activation
prompted an investigation of whether NEM, which
can form a stable thioether with exposed cysteine
thiolates, would also cause activation. Alkylation of
a single cysteine per subunit with [**C]JNEM cor-
related well with an increase in activity at 0.2 mM
L-Phe. With BH, used as cofactor, nearly superim-
posable hyperbolic traces vs L-Phe concentration
(followed by pronounced substrate inhibition) were
obtained for lysolecithin- and NEM-treated PAH
under conditions where a sigmoid trace was observed
for unmodified PAHT.1%4

Binding of L-[**C]Phe to NEM-modified PAH, moni-
tored by a membrane-binding assay, also showed a

hyperbolic trace, where the native enzyme gave a

sigmoidal response. PAH:L,, showed the same ap-

parent K4 and K, for L-Phe and bound 1.0 equiv per
subunit. This was inferred to reflect active-site
binding of L-Phe to PAH. Unmodified PAH showed
a sharp transition at ~0.1 mM, with half-maximal
L-[**C]Phe binding at 0.2 mM. However, a Scatchard
plot showed only 1.5 equiv of L-Phe per subunit bind
to unmodified PAH under these conditions (pH 6.8,
0.1 M phosphate), which suggests that the activating
L-Phe is present at 0.5 equiv per subunit.'** If the
activation equilibrium Ky is lower than the depend-
ent-site Kq4, a concave-up Scatchard plot that under-
estimates the true number of binding sites (by an
unknown amount) will result. The binding-site
number determined by this assay does not agree with
the 1 site subunit™ result (section 11.A.3.2) obtained
at pH 8.0 in 50 mM Tris-phosphate,> which is likely
to be correct for both sets of conditions.

Neither iodoacetamide or iodoacetate, both of which
react with thiols, could cause activation.'** The
modified residue was determined to be Cys236 by
peptide mapping.®® It is unclear whether the modi-
fication of this thiol traps a dynamic equilibrium
between the T and R conformations in the R state, if
it removes an inhibitory interaction due to the thiol,
if the steric bulk of the modified residue (which is
larger than a tryptophan moiety) disrupts the local
structure sufficiently to cause activation, or some
combination of these. A mutant of recombinant PAH
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in which Cys236 is replaced by Ser, shows normal
purification behavior and full catalytic activity. This
rules out any redox-based role for this position in
allosteric activation. (T.J. Kappock and J. P. Cara-
donna, unpublished observations.)

Finally, whether activated by lysolecithin, chymo-
trypsin, or sulfhydryl modification with NEM, R-state
PAH shows indistinguishable, small isotope effects
with fully ring-deuterated [?Hs]phenylalanine.!®

Stimulation of PAH activity following exposure to
high pH is a more unusual phenomenon, studied
recently in Kaufman'’s group.'®® With BH, as cofac-
tor, there is a large difference in the initial velocities
observed at pH 7.0 when PAH is preincubated in the
presence and absence of L-Phe. (A caveat about this
work is that the Kkinetic data were obtained by
monitoring NADH oxidation, which is known to be
tightly coupled to phenylalanine hydroxylation near
neutral pH. It is possible that the efficiency of
catalytic turnover might decrease at higher pH,
where the hydroxylation reaction is less favorable,
which might potentially affect these conclusions.)
This difference disappears as the pH is raised to 8.6,
which arises from both an increase of the no-L-Phe
rate and a decrease of the L-Phe-activated rate. If
the pH of the 10 min preincubation is varied across
this range, and the activity measured in each sample
at a constant pH 7.0, there is little deviation in the
initial velocity of L-Phe-preactivated enzyme but
there is a marked increase in the activity of the
unactivated PAH initial velocity. As a result, the
optimum activity for BH,;-dependent catalysis is at
pH 8.5. However, when DMPH, is used as the
cofactor, the optimum pH is 7.0, and decreases to
~20% of this value by pH 8.5.19° 1t is likely that this
phenomenon is primarily due to increasingly inef-
ficient allosteric inhibition by BH, at higher pH
(following Section), but there is some evidence for
structural distortions at higher pH.

The red shift and increased intensity observed in
the fluorescence emission spectrum of PAH upon
L-Phe activation at pH 6.8 is quite similar to the
difference in the emission spectra of PAHT at pH 6.8
and pH 9.5. No change in the pH 9.5 emission
spectrum occurs if the enzyme is L-Phe activated.
While this might indicate that the high-pH sample
is in its R state, whether the fluorescence change
correlates with an essential part of the activation
mechanism is completely unknown. Compared to pH
7.0 assays, more NADH oxidation is observed at pH
9.3 with the partially uncoupled substrates m-
tyrosine and tryptophan,’® but this result is hard to
explain uniquely.

Other kinetic data indicate that high-pH treatment
is insufficient to activate PAH. At equimolar L-Phe
and PAH subunit ratios, L-Phe-dependent activation
of PAHT is very slow at 5 °C. Under these conditions,
PAHT hydroxylates twice as much L-[**C]Phe at pH
9.3 as it does at pH 6.8. When compared to
PAHY ecitnine the amount of conversion to L-Tyr
catalyzed by PAHT at pH 9.3 or 6.8 is minimal (at
0.21 uM L-Phe, 3.0 and 1.7% conversion, respectively,
compared to 22% conversion catalyzed within 30 s
by PAH{ G ecitnin)-  Under more permissive condi-
tions, 0.1 mM L-Phe and 12 °C, the pH 9.3 assay does
not show a lag in NADH oxidation that is observed
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at pH 6.8. These two experiments show that if
allosteric activation is impossible, the high-pH condi-
tions do not activate PAH, but under conditions in
which it can occur, PAH is rapidly activated. Be-
cause the high-pH effect seems persistent, from
preincubation to assay, Parniak et al. suggest that a
conformational change occurs in PAH during expo-
sure to high pH that facilitates allosteric activa-
tion.1®® This is consistent with the earlier kinetic
model of high- and low-pH activation pathways.&

The issue of L-Phe binding to PAH is complicated
by the presence of multiple L-Phe-binding sites on the
enzyme, the allosteric site (which is known to bind
L-Phe in a positively cooperative manner) and the
active site (which does not bind L-Phe cooperatively
once the enzyme is activated by some means, i.e.,
NEM alkylation'4).

A study of L-[®*H]noradrenaline binding to PAH
showed evidence of positively cooperative, but sub-
stoichiometric, interaction (<0.5 L-[*H]noradrenaline
PAHT subunit™1).1%5 PAH activated by L-Phe shows
only the hyperbolic (h = 1.0) interaction of L-[3H]-
noradrenaline with the active site, which is an even
lower stoichiometry (~0.3 L-[®H]noradrenaline

PAHR .. subunit™?). On the basis of this study
with L-noradrenaline (a compound not known to be
an activator or substrate of PAH but which is an
effective chelator of { Fe**} PAH), the claim was made
for positively cooperative L-Phe binding at the active
site of PAH (an assertion without support from
kinetic observations). The binding constants ob-
tained from this analysis are <0.4 uM, or ~250-fold
smaller than the Kq, K, or Kapp 0bserved with L-Phe,
probably because the binding is that of a simple
catechol rather than an amino acid. (This would also
explain the substoichiometric levels of L-noradrena-
line binding, which is expected to be specific for
catalytically functional active sites (active iron),¢
and appears to be consistent with the fractional
specific activities of 3.6—8 U mg™* Fe™! reported for
the enzyme preparations.’1%)

Therefore, even though the cooperativity of L-[3H]-
noradrenaline binding is similar to that of L-Phe, the
mode of binding is different; it follows that L-[3H]-
noradrenaline binding data cannot be used to dem-
onstrate whether binding of L-Phe by the active site
is cooperative or not. Nevertheless it remains to
explain why the interaction with L-noradrenaline is
cooperative, particularly since the binding of cat-
echols to the active iron in {Fe*"}PAHT is not.61.116

3.4. Allosteric Inhibition by BH,;. Recently
progress has been made in understanding the obser-
vations concerning the inhibitory properties of
tetrahydrobiopterin.*’~11° Addition of sufficient BH,
prior to L-Phe activation will completely block con-
version to R state.”® (This inhibition of L-Phe activa-
tion is specific for BHy; the K; at 5 mM L-Phe for
several pterins shows that 6MPH, is 1000-fold less
effective than BH, and 50-fold less effective than 7,8-
BH,.118) As is discussed below, BH, is a potent
inhibitor of phosphorylation at Serl6; conversely,
phosphorylation appears to disrupt the BH, inhibi-
tory site.'?® Kaufman and co-workers have used this
phenomenon to develop an assay for the extent of
activation, which is apparently proportional to the
ratio of BH, to 6MPH, (“full”) activity, that has been
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Figure 5. Relaxation of PAH] ., — PAHT during BH,-
supported L-Phe hydroxylation.

used in studies of the N-terminal regulatory segment
of PAH.110121 BH, is also reported to block chymo-
trypsin proteolysis, while L-Phe has the opposite
effect.113

BH, inhibits allosteric activation of PAH (Figure
5). Whether this is due to competition for the L-Phe
activation site, interference with requisite protein
conformational changes, binding to a separate inhibi-
tor site, etc., is unknown. Functionally it is a MWC
allosteric inhibitor, in that it prevents formation of

PAHR ... BH, inhibits the rate of activation, most

evidently at high concentrations of L-Phe,’*® and

causes relaxation of PAHY ., . to PAHT during cata-

lytic turnover, probably by a common mechanism. If
BH, and L-Phe are added together to PAHT, there is
a long lag in L-Tyr formation that is caused by L-Phe
activation in competition with BH, inhibition. Under
standard assay conditions (with 6MPH, as cofactor),
the activity of PAH decreases in an irreversible, first-
order manner, thought to be due to inactivation of
enzyme active sites (section 11.A.4.1). This compli-
cates the direct determination of BH4-induced relax-
ation of PAH® ...

Shiman’s first approach to this problem involved
the use of substrate quantities of 6MPH, and smaller
guantities of BH,4, whose K, is much smaller than its
Km (0.09 and 15 uM, respectively).*® Three L-Tyr
buildup traces were collected, to allow determination
of the rate constants depicted in Figure 5. In the
first, BMPH, is added to PAH? ., which allowed
determination of ke and ky. In the second, the
enzyme was initially unactivated, allowing the de-
termination of kit (PAHT + L-Phe and 6MPHy,).
Finally, varying amounts of BH, were included to
inhibit activation (PAHT + L-Phe, BH,4, and 6MPH,),
and determine Kyeax, Which was defined from the
extent which BHy inhibits kyt (Iengthens the lag) in
the varied-BH, buildup traces. The second approach,
measuring the relaxation of PAH? . during turn-
over, involved using Guggenheim’s method for de-
termining the variation in velocity caused by ky and
krelax- This method is sensitive enough to detect the
weak relaxation of PAHR _, . caused by 6MPH,. By
using the values obtained, a simulation of the com-
bined effect of these two allosteric effectors under
typical liver conditions indicates the activation re-
sponse to L-Phe will be significantly sharpened when
BH, is present.118

It had been observed that the intrinsic PAH activ-
ity in perfused liver is quite low (2—5% at 50 uM
L-Phe) compared to the ~80% expected from this
moderately cooperative enzyme’s allosteric K pne.?”
Mitnaul and Shiman show that the hepatic [PAH] =
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9 uM, approximately equal to the [BH,4], and that at
this concentration of each 85% would be expected,
from the in vitro Ky, to be found in a BH;PAHT
complex.!*® This raises the interesting possibility
that the physiologically relevant state of PAH is in
fact BH,-PAHT, which has an activity small enough

to prevent loss of serum [L-Phe] caused by small

amounts of PAHR . formed at the optimum con-

centration of this substrate. Important questions
remain concerning the state of the enzyme in this
inhibitory complex, particularly the mechanism of
inhibition and how it is bypassed following activation.
A tight complex between a protein and its natural
reductant (section 11.A.4.4) would be expected to
cause some reduction of the protein unless some
means has been devised to block a thermodynami-
cally favorable reduction. The closely related issue
of what distinguishes the PAHT allosteric inhibition
site from the reduction site remains of interest.

3.5. Phosphorylation. Rat liver PAH is regu-
lated by specific phosphorylation of Ser16,'> which
has the overall effect of sensitizing PAH to allosteric
activation by L-Phe. (Conflicting reports about
whether human liver PAH is regulated by phos-
phorylation have appeared. Resolution of this issue
should be possible now that recombinant sources of
this enzyme are available.'??) Following their obser-
vation that several phospholipids, and perhaps other
anions, activate PAH, Kaufman and co-workers found
that 0.7 [*?P]phosphate per subunit could be intro-
duced into 90% pure PAH. The radiolabel could be
dissociated from the enzyme by limited chymotrypsin
proteolysis or by incubation with NaOH, consistent
with an N-terminal phosphoserine or phosphothreo-
nine.'?* These authors reported an increase in Vmax
without significant change in the L-Phe K. How-
ever, they used BH, in fixed-time assays of PAH
activity without preincubating the enzyme with L-Phe
to first activate it. This procedure is now known to
fail to distinguish the effects of L-Phe activation, BH,
inhibition, and the intended phenomenon, PAH phos-
phorylation, yielding a low velocity due to inhibition
of PAH by BH,4.”® (In retrospect, this result was one
of the first to show a specific, antagonistic effect of
phosphorylation on allosteric inhibition by BH,.)

PAH phosphorylation causes a change in the
distribution of peaks, arising from apparently homo-
geneous PAH, which elute from calcium phosphate/
cellulose gels.’?® This assay was used to show that
PAH isolated from glucagon-treated rats is exten-
sively phosphorylated,?® with most of the protein
eluting in a peak that corresponds to the highest
phosphate content, 1.0 phosphate per subunit.1?¢
PAH isolated from rat liver contains 0.2—0.3 phos-
phate per subunit,'?* which corresponds to a mixture
of enzyme species containing predominantly 0, 1, or
2 phosphate(s) per tetramer.5

Shiman and co-workers?” demonstrated that both
un- and phosphorylated PAH require L-Phe preincu-
bation, unambiguously showing that phosphorylation
is not equivalent to allosteric activation, as it is for
several other enzymes. This is generally
accepted,’6120.127 despite a contrary claim.'?® Instead,
complete phosphorylation causes a shift of the allo-
steric L-Phe site’s Ky (60 uM — 38 uM;?” 58 uM — 30
uM?*20) and an acceleration of the rate of PAH activa-
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tion, in 1 mM L-Phe, at pH 6.8 (2-fold) or pH 8.0 (3-
fold).?” These values are determined relative to
“unphosphorylated” PAH, which as mentioned above
actually contains an average of 1 phosphate per
tetramer. No kinetic differences have yet been
detected between “unphosphorylated” PAH and truly
phosphate-free PAH, leading to the generally held
suspicion that they are effectively identical.?”

One of the first attempts to quantitate the inhibi-
tory properties of BH, (section 11.A.3.4) focused on
its ability to inhibit the in vitro rate of PAH phos-
phorylation by cAMP-dependent protein kinase. The
effect is most pronounced for the natural isomer,
(6R)-BH,4, while (6S)-BH, was half as inhibitory;
neither 6MPH, nor 6,7-DMPH, inhibits.??® This is
comparable to the (6R) isomer’s 4-fold higher Vpmax for
L-Phe hydroxylation; the K, values for these pterins
are identical.3® The BH,-derived inhibition of phos-
phorylation was confirmed and extended by Dgske-
land et al.?® who additionally reported that L-Phe has
an opposite, weaker effect, and can stimulate the
PAH phosphorylation rate up to 2-fold. Other amino
acids that are weaker allosteric activators (L-norleu-
cine, L-Met, $-2-thienyl-pL-alanine, and L-Trp) also
show 2-fold stimulation at saturating concentrations.
Unsurprisingly, L-Phe interferes with the inhibitory
effects of BH4, causing the K;gn, to rise from 2.3 uM
in the absence of L-Phe to 8.3 uM at saturating (10
mM) L-Phe, which corresponds to a ligand-coupling
AG of 0.8 kcal mol~1.120

The recent availability of recombinant PAH (rPAH)
has allowed the substitution of Serl6 with other
amino acids, in an attempt to understand how the
behavior of the N-terminal regulatory domain is
modulated by phosphorylation.5®1?1131  The assay
chosen to investigate the effects of phosphorylation
is the ratio of BH;-dependent PAH activity to 6MPH,-
dependent activity, using either the continuous
NADH-coupled assay,'3* fixed-time (usually 30 min)
colorimetric determinations,*®? or a mixture of both.*%
At 25 °C, full L-Phe activation should take place
within a minute in the assays with 6MPH,, while no
allosteric activation is observed in the presence of 0.1
mM BH, under these conditions (unless it is relieved
by some mechanism).

It has been asserted that the activating effect of
phosphorylation can only be discerned with BH,
present and that its effects are not expressed in the
presence of the synthetic cofactor 6MPH,.1?t This
distinguishes it from allosteric activation, which can
be observed with any of the common PAH cofactors.
Instead, this assay measures the extent to which the
high-affinity regulatory site for BH, is disrupted,
either by Ser16 phosphorylation or a new amino acid
at this position. In the limiting case, proteolytic
excision of the regulatory domain, an exclusively
dimeric species is formed that has no need for L-Phe
activation, meaning that it is constitutively active.
In this situation the phosphorylation site is lost,110124
and probably the BH,-inhibition site.

The Ser16 position has been altered to Ala, Glu,3!
Asn, Asp, GIn, and Lys.*?! All of these mutants have
the same 6MPH,-dependent activity using the fixed-
time assay, consistent with a strictly regulatory role
for the amino terminus. Kowlessur et al. show that
the full 6MPH, velocity can be recovered by treat-
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ment of the enzyme with lysolecithin, another indica-
tion that the mutations only affect the allosteric
activation phenomenon.?* Only the Alal6 mutant
has a lower BH, activity than the wild-type Serl16
(4.2% vs 8.3% of the 6MPH, activity). Phosphory-
lated Serl6 yields 13% of the 6MPH, velocity. The
relative BH, activities of the others fall on a line
when plotted against the volume of the amino acid
at that position,'?! ranging up to 25% for the Glul6
protein.’3! Even though the correlation with side-
chain volume includes the positively charged Lys
substitution, the authors state that “activation” is
mediated by a negative charge at this position. An
alternative explanation not addressed would be that
the mutations destabilize the regulatory domain
sufficiently to prevent BH, inhibition of allosteric
L-Phe activation. This could be the result of “over-
packing” the regulatory domain, or by disrupting an
interaction important for the regulatory binding of
BH,. Proteolytic removal of the N-terminus is known
to change the CD spectrum of PAH, consistent with
it having a defined structure.’’® Regardless of the
conclusion drawn about phosphorylation per se, the
results support the longstanding hypothesis that the
regulatory domain is an “internal inhibitor” of the
catalytic domain.®1%t

As has been alluded to previously, the identity of
the biophysical characteristics of PAH that underlie
the correlation of increased PAH activity and phos-
phorylation remains a fractious issue. A quantitative
appreciation of the importance and characteristics of
BH, inhibition is required to explain how phos-
phorylation affects the complicated regulatory scheme
PAH exploits, which appears to have no other bio-
chemical analogue.'*®1° | -Phe is removed from blood
by PAH, protein synthesis, and transamination to
form phenylpyruvate; neither of the latter two is
potentially regulatory. PAH phosphatase would have
to be quite responsive to L-Phe levels were it to exert
any dynamic regulatory behavior. While possible,
this has not been demonstrated, and even if it were
so it would be redundant with PAH’s own capabili-
ties.

The allosteric activation and relaxation properties
of PAH are well known, and appear to be both
necessary and sufficient to regulate L-Phe homeosta-
sis.® The PAH contained in liver is able to respond
effectively to elevated L-Phe, as evinced by the pure
enzyme’'s ability to undergo allosteric activation
within seconds.®® Once it has restored L-Phe levels
to normal, the isolated enzyme relaxes on a slightly
slower time scale to basal activity, mostly T-state
enzyme.®® Regulation by phosphorylation cannot
alter the fundamental behavior of this system, other
than to sensitize the enzyme. If it did, there would
be significantly higher basal levels of PAH activity
in liver, and profoundly lower levels of serum L-Phe.
Hyperphosphorylation of PAH is associated with
starvation, and not with normal physiological condi-
tions (in contrast with phosphorylase phosphoryla-
tion).

The simplest model for PAH phosphorylation is
that its sole effect is a lowering of the activation
energy barrier to allosteric activation. In vivo this
may be a combination of (1) facilitating the T — R
state protein distortion and (2) lowering the affinity
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Figure 6. Regulation of PAH by BH4, L-Phe, and phos-
phorylation.

of the BH, regulatory site for that inhibitor. If it is
a true allosteric inhibitor, BH, stabilizes the T state,
which would mean that these two phenomena have
the same thermodynamic origin. This mechanism is
sufficient to explain the observed increase in L-Phe
sensitivity, increase in activation rate, and, in vivo,
the decrease in effectiveness of BH, inhibition.

3.6. Integrated Description of PAH Regula-
tion. A schematic view of the different interactions
that occur in PAH is given in Figure 6, an adaptation
of figures shown by other authors!'® updated with
current nomenclature. Empty brackets represent an
empty active-site substrate binding pocket. For the
sake of clarity, none of the accessory enzymes in-
volved are indicated. It is also important to empha-
size that the physiological concentrations of BH, are
equimolar with PAH, at about 9 uM each.t®

As has been pointed out, the net effect of this
complex interaction is to sharpen the response to a
rise in L-Phe. BH, sequesters PAH, and vice versa,
which greatly lowers the background level of activity,
thus preventing L-Phe loss from the organism. It has
four unique features that are important to achieving
direct regulation of PAH activity by the applied
[L-Phe]: the “sequestering appears to have an explicit
regulatory effect, the sequestering agent is the en-
zyme itself, the enzyme-cofactor complex that is
formed is inactive, and the agent that causes the
release of cofactor and enzyme from the complex is
the reaction substrate.”18

The several different ways in which pterin can
interact with PAH are depicted, including the allos-
teric inhibition that is exclusive to BH4. Once this
inhibited complex has formed, dead-end complexes
with L-Phe form with the nonphysiological Kq 4 mM.
A regulatory role for BH, is supported by the mutu-
ally exclusive relationship between BH, inhibition
and phosphorylation, also depicted in the figure.
Phosphorylation is only known to affect the steps
indicated and cannot effect any of these transforma-
tions on its own. Although reduction is depicted as
occurring from the PAHT state, reduction of PAHR
states is even more rapid.'®® Whatever the route
taken, the only catalytically active entity is reduced
PAHR,

None of the oligomeric states associated with PAH
have been depicted in the figure. A consideration of
the rate of activation by Shiman et al. led the authors
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to conclude that the cooperative unit functioning in
allosteric activation was the full tetramer.5®

4. Properties of the Active Site Iron

4.1. Iron, Oxygen, and PAH. In retrospect, a
requirement for an active-site transition metal might
have been anticipated for PAH, given the great
enhancements of 30, reactivity possible with metal
cofactors and the difficulty of the chemical transfor-
mation PAH catalyzes. The discovery of PAH and
its cofactor BH, had both occurred by the time the
cytochromes P450 were identified, as a class of
enzymes capable of performing difficult transforma-
tions reminiscent of L-Phe hydroxylation (section
IV.A.3).13413%5  The requirement for metals in the
conversion of L-Phe to L-Tyr was first inferred by
Udenfriend and Cooper, who demonstrated that this
activity in liver extracts had an absolute requirement
for O, and sensitivity to both cyanide and azide (at 8
mM, yielding 78 and 100% inhibition, respectively).*’
Using a similar preparation, Kaufman reported that
Fe?t (2 mM) could stimulate activity up to 30% in
some situations, while Cu?* was inhibitory.*®

With the apparently reactive BH, cofactor in hand,
the thought of an additional cofactor requirement
may have seemed redundant, and it was not exten-
sively pursued while research into the cytochromes
P450 progressed (section IV.A.3). Research through
the 1960s focused on the tetrahydropterin cofactor,
which by its structural similarity to the well-
understood flavin system, seemed sufficient to ac-
count for monooxygenase activity. Once model stud-
ies (section 111.B.3) had indicated how sluggish the
reaction of BH, with O, in solution really was, it
became necessary to account for the acceleration
accomplished by PAH. The inability of wholly or-
ganic catalysts to perform NIH shifts also demanded
a reinvestigation.

The (*)? configuration of molecular oxygen’s ground
state is 3%, (“triplet oxygen”), which lies well below
the 'Aq and 1Z4" levels (“singlet oxygen™: 92 and 155
kJ mol~%, 8000 and 13,000 cm™1, respectively). Any
reaction with either form of O; is thus subject to an
activation energy barrier 15 kcal mol~t smaller in the
case of singlet oxygen. Singlet oxygen is much more
reactive with ordinary organic compounds because
the reactions are spin-allowed and can be generated
from the ground-state diradical 2O, photochemically.
Excepting the singlet route, in order for O, to react
with organic compounds, one of two things must
occur: the substrate must be converted into a singlet
by radical generation, or the oxygen must be “acti-
vated” in combination with the d orbitals of a transi-
tion metal, which in biological systems is often
ferrous iron, Fe?".

Ferrous ions are present in either a high-spin state
(S = 2), in which only one of its five d orbitals is
occupied by two electrons, or a low-spin state (S =
0), where the set of three tyq orbitals is full. The
resulting molecular orbital (MO) of a simple mono-
nuclear {Fe?™-0O,} adduct can either be a triplet or a
singlet, depending upon A, the energy separation
between the Fe-based d,, orbital and the O,-based
a* orbital, which is determined by the geometry and
ligand field of the iron’s coordination environment.

Fine-tuning the reactivity of the { Fe>™-O,} adduct
in this way can explain why heme proteins are able
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Figure 7. UVl/vis spectrum of recombinant PAH states.
The inset shows an adduct with catechol. Taken from ref
61.

to function both as reversible O, carriers (hemo-
globin) and as monooxygenases (cytochromes P450).
In the case of hemoglobin, the Fe?" is low spin, in
part because of the strong ligand field of the heme,
and the bound oxygen is relatively unreactive. How-
ever, the low-lying triplet excited states of the { Fe?*-
O} complex are accessible, leading to the formation
of significant amounts of the reactive reduced oxygen
species superoxide (O2*7) in oxygenated erythrocytes.
As a result, erythrocytes contain large amounts of
the O,*~- and H,0,-scavenging enzymes superoxide
dismutase and catalase to protect the organism.

Cytochromes P450 avoid the formation of toxic
oxygen species by carefully controlling electron trans-
fer into the substrate—O,—enzyme complex. Non-
heme iron proteins are in theory able to perform the
same tasks as those with a heme prosthetic group,
but the ligand set afforded by the 20 common amino
acids is unsuitable for stabilizing low-spin Fe?* in the
presence of a labile (usually water-bound) coordina-
tion site. As a result, all non-heme iron oxygen-
carrying proteins contain binuclear iron active sites,
as in hemerythrin, which gives marine invertebrate
blood its characteristic blue color. Other non-heme
iron proteins contain high-spin iron, and must control
their reactivity with O, carefully.

Even in its ferric state ({Fe®*"}PAH), the visible
spectrum of PAH is notably featureless,’3 which
immediately indicates that it is not a hemoprotein
or a flavoprotein, nor are there thiolates, inorganic
sulfides, or tyrosinates coordinated to the metal site.
The modest spectral features near 350 nm are
consistent with histidine and carboxylate ligation.
Their intensity is diminished upon reduction of
{Fe*"}PAH to {Fe?'} PAH,% or removal of iron (“apo”
spectrum in Figure 7). The most easily recognizable
ligands in mononuclear non-heme iron metallopro-
teins have strong absorptions due to a ligand (O or
S) p» — Fe d;* ligand-to-metal-charge-transfer band
(LMCT); these include phenolates (Amax = 420—530
nm, € ~ 4000 Mt cm™1),1% thiolates (rubredoxin-type,
Amax = 450—560 nm, ¢ = 5000—10000 M1 cm™1),137
and catecholates (Amax = 500—650 nm, € = 1000—2000
M-t cm™1).1% For instance, lactoferrin, PCD, and
transferrin have pink to burgundy colors caused by
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tyrosinate — Fe®* LMCT bands at 460—480 nm.'3°
Strong visible signals are not evident in PAH, and
as a result, it is not surprising that for many years
the importance of iron to PAH was overlooked.

At the beginning of the 1970s, when evidence from
model studies of tetrahydropterin reactivity and the
NIH shift had begun to accumulate, the role of iron
in the PAH system was further delineated by Fisher
et al.”>140 Given its differential sensitivity to chelat-
ing inhibitors, the active form of PAH probably
contained ferrous rather than ferric iron. For in-
stance, oxalate and o-phenanthroline (o-phen) have
about the same affinity for ferric and ferrous iron,
respectively, but only o-phen inhibits PAH apprecia-
bly. EDTA is unable to inhibit PAH, an initially
surprising observation best understood in context of
active-site accessibility; the planar, neutral o-phen
is an effective inhibitor because it can coordinate to
the active site iron, while the anionic EDTA may not.

The optical spectrum, EPR spectrum, and colori-
metric iron determination of partially purified (su-
crose gradient) PAH indicated the presence of iron
in the active enzyme fraction.?*® Removal of this iron
by o-phen treatment resulted in loss of activity, which
could be restored by reconstitution of the apoprotein
with FeCl,. Finally, the activating effects of recon-
stitution were found to be specific for iron, and not
the dications of Co, Hg, Mn, Ca, Ni, Zn, or Cu.
However, ammonium sulfate precipitation of PAH to
which Fe?" had been added resulted in the loss of
the additional iron from the enzyme, with reversion
to a low-activity state.

Shortly thereafter, the small, atypical PAH ob-
tained from Pseudomonas was demonstrated to re-
quire ferrous iron, with half-maximal activation at
1.2 mM.*! The effects appeared to be specific for
iron, in contrast to an earlier report that Hg?", Cd?*,
and Cu?* also stimulated enzyme activity.'? Using
the heterologously expressed, monomeric P. aerugi-
nosa PAH, Zhao and co-workers inferred a require-
ment for iron based on the abolition of activity by
EDTA, which could be completely restored by the
addition of Fe?" but not Cu?".1*® The differential
sensitivity of mammalian and bacterial PAH to
EDTA is consistent with greater active-site acces-
sibility in the latter, which is also borne out by its
lower affinity for iron.

The hydrophobic affinity purification developed by
Shiman®® was improved by the inclusion of an iron-
reconstitution step in an early step of the purification
procedure.’* This iron remained tightly bound, in
contrast to the labile iron resulting from reconstitu-
tion of purified protein.’4® No increase in activity was
noted if the iron was added at a later stage, even
though the PAH iron content rose (“adventitious” iron
binding).5? The differing results were hypothesized
to result from the removal of a component of crude
extract that facilitates iron insertion into PAH, which
is removed even by “slight purification under mild
conditions”.>?

This did not preclude the development of a method
to strip Fe?t from holoenzyme using o-phen in 15%
glycerol, and replacing it in 2% DMF under aerobic
(Fe?") or anaerobic conditions (Fe?" or Fe3*). Inevery
enzyme preparation, regardless of whether an iron-
addition step had been performed, the PAH activity
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showed a linear dependence upon iron content.'#

The timing of iron insertion into PAH in vivo,
which might have important regulatory conse-
guences, has only been the subject of a single report.5?
This was investigated using rat livers perfused with
a defined medium that contained bovine erythrocytes.
In contrast to perfusion with rat blood, perfusion with
the defined medium caused an increase in the rela-
tive PAH specific activity. Cycloheximide, an inhibi-
tor of protein synthesis, failed to block the increase
in activity. The PAH activity in extracts from un-
perfused livers could be stimulated by iron treatment,
while extracts from the perfused livers could not. As
a result, it was concluded that the stimulation of PAH
activity was due to reconstitution of preexisting PAH
apoprotein by increased iron levels in the cell.

This suggested that the stimulation results from
an increase in the intracellular iron concentration,
which might be caused by the lack of transferrin from
the defined perfusion medium. Transferrin, the
mammalian iron carrier, would prevent an increase
of free iron in rat blood, but not in the defined
medium, which would contain free iron if some of the
erythrocytes were lysed. Alternately, perfusion could
stimulate release of iron from ferritin or increase
heme degradation in some way. The variation in the
level of iron in PAH was found to follow a diurnal
cycle, in both fasted and fed rats. Rats younger than
9 days had apparently full iron content in their PAH,
falling to a level of 55% holoprotein in adult rats. The
physiological justification for such a large content of
inactive apoprotein in liver is unclear, but one can
imagine mechanisms by which the iron content of
PAH could be used in a regulatory sense,? as it is
for other non-heme iron-containing liver proteins
including aconitase (IRE-BP).14®

In 1984, the reduction of "resting” PAH ({Fe3"}-
PAHT) by its pterin cofactor was discovered,'*® and
the site of reduction was determined to be the iron
site.1*® The mechanism of how a two-electron reduc-
tant manages to reduce isolated Fe®" sites by a single
electron is of sufficient interest to discuss separately,
in section 11.A.4.4, after discussion of the active-site
structure.

4.2. Structural and Spectroscopic Studies.
The coordination environment of the iron in PAH
controls its interaction with O,, BH,, and L-Phe
bound in the larger active-site pocket. Assessment
of the structural and electronic features is an es-
sential component of determining how this non-heme
protein is able to catalyze reactions as demanding
as those performed by the cytochromes P450 (section
IV.A.3).

Initial spectroscopic characterization of PAH was
performed with {Fe3*} PAH, which is the form of the
enzyme that results from the hydrophobic affinity
purification procedure. As was mentioned before, the
UV—visible spectrum of PAH is not prominent, but
there are distinct absorptions above 300 nm that are
consistent with histidine—carboxylate coordination of
a non-heme iron (Figure 7). These vanish upon
reduction of the protein (section 11.A.4.4). The EPR
spectrum of apparently oxidized PAH was obtained
by Fisher et al., who observed a rhombic high-spin
(S = 5,) signal at ger = 4.28, but at liquid N,
temperature, where the EPR signals are quite



Pterin-Dependent Amino Acid Hydroxylases

broad.’® At lower temperatures, the signal intensity
grows markedly, and new, lower field features ap-
pear. The EPR spectrum of highly active PAH was
recorded in Tris buffer at 10 K, and a characteristic
spectrum containing axial (ges = 6.7 and 5.4) and
rhombic (ger = 4.3) components was observed.'#¢
Additional signals in the ger = 9.4 region arise from
the lower Kramer's doublet of a component with the
signal from a middle Kramer's doublet at ges = 4.3.
(Fe3*t (S = %/,) is a Kramer’s ion; that is, it has an
odd number of unpaired electrons, and in the absence
of a magnetic field, every level is at least 2-fold
degenerate. The splitting of the Fe3' sextet into
three Kramer’'s doublets arises from electron—
electron dipolar interactions and a second-order
spin—orbit coupling interaction between the ground
and excited states (°A and “T, respectively). Applica-
tion of a magnetic field as in the EPR experiment
breaks the degeneracy of the doublet, leading to the
observed transitions.) Double integration of the
derivative spectrum between ge = 5 and 10 showed
a linear dependence of PAH activity on the axial
signal’s intensity, meaning that it corresponds to
“active” iron sites, while the intensity of the ge =
4.3 signal corresponds to the variable amounts of
inactive and adventitious iron sites.

The EPR spectrum of oxidized PAH is sensitive to
environmental conditions such as the nature of the
buffer.247:14¢ The EPR spectrum of { Fe3*} PAHT in 50
mM MOPS buffer differs considerably from the
spectrum of { Fe3*}PAHT in 50 mM Tris buffer.'*® The
EPR signals at gt = 6.7 and 5.4 and the less intense
Oett = 4.3 resonance in the Tris buffer EPR spectrum
are replaced by very broad features spanning from
Oest = 10—5 and a prominent ge = 4.3 resonance in
MOPS buffer. The Tris adduct spectrum could be
regenerated by the titration of Tris into a sample of
MOPS-buffered {Fe*"}PAHT.

Kinetic studies have demonstrated that Tris buffer
slows the rate of reduction of { Fe3*} PAHT by 6MPH,
and completely inhibits 6MPH, during catalysis with
a K, of 80 mM at pH 7.8.1% Tris most effectively
inhibits reduction and catalysis at high pH (8.0—8.5)
with little effect at pH 6.8, suggesting that its free
base form acts as the inhibitor.”6132 MOPS buffer has
no strong affinity for transition metals and shows no
influence on the initial velocity of the activity of PAH.
The chemical basis of Tris buffer inhibition may arise
from either the direct coordination of Tris to the
catalytically active iron center, a decreased ability
for either cofactor or substrate to bind in the active
site pocket owing to competition with Tris, or by a
buffer-induced conformational change resulting in a
decreased binding affinity for either cofactor or
substrate. The metal affinity of Tris is documented,;
Tris will bind free metal ions in a bidentate fashion
through the amine group and one of the hydroxyl
groups.'%0-152 |n addition, the crystallographic char-
acterization of Tris coordinated to one of the three
Zn?* sites in phospholipase C was recently reported
in which Tris displaced a water molecule originally
bound to the Zn?* center.’>® As observed with PAH,
Tris buffer inhibits the activity of phospholipase C.

EPR spectroscopic characterization of { Fe**} PAH
was extended by examining several different prepa-
rations of rat hepatic { Fe**}PAHT and {Fe3*} PAHR,
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including a variety of adducts that are discussed in
the following section. The axial signals at gest = 6.7
and 5.4 disappear if the enzyme is L-Phe-activated.
A similar effect is achieved by the addition of glycerol
to 10%.246  Although the dependence of PAH activa-
tion on [L-Phe] at equilibrium is complex, owing to
the cooperative involvement among all four subunits
of the tetrameric form of the enzyme, it is possible
to use apparent association constants obtained from
the inverse concentration of L-Phe that produces one-
half maximum activity to assess the loading of L-Phe
in each subunit. Since the protein solutions used in
these EPR experiments were quite concentrated
(0.5—1.5 mM Fe), it is expected that the addition of
20 equiv of L-Phe (10 mM) is sufficient to saturate
both the independent allosteric (110 uM, pH 6.8) and
catalytic (180 uM, pH 6.8) sites.'*® Warming the
{Fe*"}PAHT samples in the presence of L-Phe re-
sulted in the concomitant disappearance of the
characteristic axial PAH EPR signals.’® Titration
of {Fe3*}PAHT with L-Phe resulted in a conversion
to {Fe®} PAHf_phe[L-Phe], (the brackets indicate oc-
cupancy of the active site, in the current case, by the
substrate L-Phe), which gave rise to an EPR spectrum
with a new signal at ges = 4.5 that was easily
distinguishable from the ge = 4.3 transition. The
intensity of the ger = 4.5 signal was shown to scale
linearly with PAH activity, indicating that this signal
is associated with the catalytically competent iron
centers. These spectral features are similar to those
reported for EPR spectra of activated PAH in the
presence of the potent inhibitor, 4-fluorophenylala-
nine in Tris buffer.’#” 48 |ntriguingly, if 5-deaza-
6MPH, is added to the enzyme, a new and less
prominent signal at gesr = 4.4 appears.**® However,
these data preclude any assessment regarding
whether the observed changes in the EPR spectrum
of {Fe**}PAHT and {Fe3*}PAH} ., [L-Phe] are a
consequence of substrate (L-Phe) in the active site or
of changes in the coordination environment of the
active iron center induced by the structural reorga-
nization accompanying PAH activation.

The effect of the allosteric activation on the EPR
spectrum of PAH was qualitatively addressed by
examining the various states of oxidized PAH. In
addition to the {Fe*"}PAHT and {Fe®'}-
PAHf_Phe[L—Phe] states, EPR spectra of lysolecithin
activated ({Fe3*}PAH ), a-chymotrypsin-

lysolecithin

treated PAH, ({Fe3 }PAHEY irypsin): { FE3 }PAHT-
[L-Phe] (prepared by adding L-Phe to a cold solution
of {Fe**}PAHT and freezing it prior to allosteric
activation), and { Fe3*} PAHT[L-Trp] were obtained.14°
The {F63+} PAHZEch motrypsin and {Fe3+} PAH%fstolecithin
samples correspond to nonphysiologically activated
(catalytically competent) forms of PAH formed in the
absence of substrate L-Phe. As discussed earlier
(section 11.A.3.3), {Fe"}PAHY itmin IS Kinetically
indistinguishable from {Fe3*}PAH] ,, [L-Phe] and
represents a form of the enzyme that while active
does not contain substrate in the active site. Simi-
larly, a-chymotrypsin treatment of PAH generates a
36 kDa, iron-containing fragment that does not need
to undergo an allosteric transformation in order to
catalyze the 6-MPH,-dependent oxidation of L-Phe.
Interestingly, the EPR spectra of both the {Fe®*}-
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Table 1. EPR Simulations of Various PAH States?

Kappock and Caradonna

rPAHT
A (E/D) (MOPS) (phosphate) rPAHLR_phe[L-Phe] rPAHT[deaza]
Oeit = 9, 5.4 0.13 +0.06 0.59
0.16 £ 0.03 0.22
0.18 £ 0.04 0.37
Oert = 4.3,4.1 0.31+0.15 0.40 0.96 0.70
Oetr = 4.4, 3.9 0.29 0.07
Qerr = 4.5 0.315 + 0.075 0.62
Oert = 4.3 0.33 0.01 0.04 0.01 0.01
@ Taken from ref 156.
act act H - - - .y .
PAH{ G jecithin @nd {Fe* }PAHET 1 oin fOrms are rhombic contribution is termed adventitious iron,

equivalent to { Fe3"}PAHT, suggesting that the im-
mediate ligand environment of the iron center does
not change significantly during the allosteric trans-
formation.

This conclusion is consistent with additional EPR
studies that show the qualitatively equivalent nature
of {Fe3*}PAHF , [L-Phe], {Fe3*}PAHT[L-Phe], and
{Fe3*}PAHT[L-Trp] forms of the enzyme (gesr = 4.5).14°
The addition of L-Phe to samples of {Fe*"}PAHT at
low temperatures (4 °C) generates a form of the
enzyme that by gel filtration chromatography and
activity measurements corresponds to the resting T
state of PAH.155:15¢ Similarly, L-Trp will not activate
PAH under the conditions employed. These data
suggest that the observed change in the EPR spec-
trum of {Fe**}PAHT and {Fe*"}PAH" ., .[L.-Phe] is
caused by the interaction of substrate in the active
site and not directly by the reorganization of PAH
following its activation.149

More detailed analyses of the EPR spectra of PAH
have been reported.146-148.157 Several EPR-active
species contribute to the observed spectrum and
cannot be directly deconvoluted because the signals
are quite broad, and because the anisotropy of the
Fe3t g tensor causes anisotropic transition prob-
abilities, preventing quantitative comparisons be-
tween different signals. As a result, it is not ad-
equate to perform simple double integration of the
EPR spectrum. Simulation of the individual contri-
butions within the composite signal allows the ex-
traction of the component site parameters, and their
relative contribution to the total derivative signal.
Four components were simulated?®® in the spectrum
of {Fe3*}PAHT in Tris buffer:

(1) The prominent axial (4 = 0.032) component with
0x = 5.4, gy = 6.7, and g, = 2.0, accounting for 37%
of the total spins. In the sample examined, 36% was
expected from the specific activity determination;
therefore this is the contribution from active iron. (1
is a measure of the zero-field splitting asymmetry (4
= E/D). It ranges from 0.33, a completely rhombic
environment, to 0, the axial limit.)

(2) A broad component centered on A = 0.20, with
a range of A values. This accounted for 55% [Fe®*]
spins. This contribution is termed inactive iron,
because it cannot be reactivated to the catalytically
competent state, yet it appears to be spectroscopically
distinct from the next category.

(3) Two smaller rhombic components (A = 0.30 and
0.33; 5 and 3% of the total spins, respectively), with
all transitions between g = 3.9 and 4.4. This

because it cannot be removed from PAH and is
present in variable amounts.

Using the reconstitution procedure, Bloom et al.
were able to selectively remove the active component
(no. 1), yielding an entirely rhombic residual com-
prising ~15% of the starting spin concentration. No
interconversion between the active and adventitious
component sites originating from migration of iron
between sites was observed.'%’

Simulation procedures were developed, from a first-
order perturbation treatment of the spin Hamilto-
nian, for simulating the broad, asymmetric line
shapes of site no. 2 by calculation of a distribution of
Avalues.*#"148 This Gaussian distribution in 4 values
reflects the configurational heterogeneity of the Fe3*
sites present in the frozen solution. This is particu-
larly important for simulation of the lower Kramer’s
doublet features near gess = 9.0. A second consider-
ation, the small D value of PAH relative to the
microwave hv, causes additional powder lines to
appear in the spectrum at positions that do not
correspond to the principal axis directions. By
diagonalizing the appropriate secular determinant,
one first solves for ge at various values of the polar
coordinates 6 and ¢, which relate the laboratory to
the molecular frame, the transition probability is
calculated across the range of gerr, and then scaled
by a lineshape factor. These solutions are integrated
over 6 and ¢, as well as over a A distribution if
necessary. This method of analysis allowed deter-
mination of the two major components of { Fe3*} PAHT
and { Fe*"} PAHR[p-F-phe], each of which had a near-
axial component (1 = 0.032 and 0.11, respectively)
with spin concentrations near that expected from the
activity.'#’

These observations immediately suggest a greater
degree of conformational heterogeneity in the elec-
tronic environment of the {Fe3"}PAH active site,
which was borne out in a quantitative sense by
simulation of the spectrum in the manner described
above. In particular, it was necessary to apply a
range of A values and quite broad line widths in the
simulations to adequately represent the broad tails
of {Fe*"}PAHT in phosphate, MOPS, and Tris buffer,
which required two, three, and five components
respectively. In the case of the MOPS spectrum, the
three components most likely represent the three
subtypes of EPR-observable iron shown in Table 1:
active, inactive, and adventitious. The table is
grouped into three categories based on the observed
A value, and not by association of a particular
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Table 2. MUssbauer Parameters of PAH?2

Chemical Reviews, 1996, Vol. 96, No. 7 2675

D(em™) A[ED] OSre(mMms™) AEg(mms™t) FWHM (mms™) —AlgnSn (T)
{Fe3}PAHR rat liver (65%)  —0.44 0.278 0.40 0.25 0.41 (22.8, 21.9, 22.0)
{Fe?"}PAHR rat liver (35%) 1.23 2.85 0.75
{Fe®*"}rPAHR recombinant —0.28 0.224 0.39 -0.06 0.43 (20.4, 21.3, 22.0)
{Fe3*}rPAHT recombinant +0.15 0.205 0.4 0.33 0.85 (20.0, 21.8, 22.1)
Fe*"(EDTAH), H,O 0.267 0.50 0.15 22

a Taken from ref 156.

component with one of the iron-site designations. The
phosphate-buffered sample had an activity of 5.8 U
mg~* and 0.6 Fe subunit™, indicating that nearly all
(90—95%) of the iron present was active. All of the
rest were from a single preparation (6.8 U mg?, 0.9
Fe subunit™) that should contain about 70% of the
iron in the active configuration. As was mentioned
above, the spectra of rPAHT[5-deaza-6MPH,4] and
rPAHR ., [L-Phe] share some similarities, which are
reflected in the electronic parameters of the simula-
tions. In particular, the nearly rhombic component
now predominates over the one that has intermediate
site symmetry, which probably indicates that the
similarity between the two preparations is due to a
perturbation of the electronic environment of Fe3*t
caused by binding of the substrates to the active site
of the enzyme.’®® This sort of interaction is distin-
guishable from the formation of adducts to the iron,
which results from direct coordination of a vacant site
and is discussed in the following section.

The ability to selectively remove and reconstitute
the catalytically active iron site in PAH with 5"Fe was
exploited to examine the Mdssbauer properties of rat
hepatic PAHR , [L-Phe]. Samples for Mossbauer
analysis were prepared by reduction and removal of
the natural-abundance iron with SME/o-phen, fol-
lowed by addition of 5’FeCl,, which replaces only the
active iron component of PAH with this isotope of
iron. This site-specific determination of Mdssbauer
parameters included separable contributions from
both ferric and ferrous active sites, due to incomplete
reoxidation of the enzyme. For recombinant enzyme,
which contains little inactive or adventitious iron, the
addition of 5’Fe to the growth medium was used to
obtain isotopically enriched PAH. As can be seen
from a comparison of the data in Tables 1 and 2,
there is reasonable agreement between the indepen-
dent EPR and Mdgssbauer simulations for the various
states of PAH that were examined despite the two
methods having distinctively different dependencies
on the parameter values.'*® Madssbauer simulations
are most sensitive to the sign and magnitude of the
zero-field splitting term D with only a relatively weak
dependence on E/D while the EPR spectra derive
most of the intensity from the magnetically least
anisotropic middle doublet of the Fe®* spin sextet
making the shape quite sensitive to the distribution
of E/D values. Mdssbauer spectroscopy is better than
EPR for determining the value of D, which is ob-
tained from the temperature dependence of the
Mossbauer signals. The poor signal-to-noise ratio in
the gerr = 9 region of the EPR spectrum precluded a
precise determination of |D|, which is ~0.4 for the
near-rhombic site in PAHR ., [L-Phe]. Since the
Mossbauer signal with D ~ —0.4 is due to the active
iron, it follows that the near-rhombic component of

the {Fe**}PAH" ,, [L-Phe] EPR spectrum must be
the signature of the active iron site.

{Fe3"}PAHF ., [L-Phe] exhibits EPR and Moss-
bauer spin-Hamiltonian parameters different from
those reported for characterized four-, five-, or six-
coordinate non-heme ferric metalloproteins contain-
ing N-, O-, or S-coordination.'® The O, value is
representative of a high spin ferric center while the
relatively large hyperfine splitting (A/gnfn) is con-
sistent with a coordination environment of moderate
covalency.'® The magnitude of AEg is small for an
iron enzyme, suggesting an environment in which the
net ligand field strength about the iron approximates
cubic symmetry (six-coordinate ligation).

A comparison of the parameters of {Fe3'}-
PAHR , .[L-Phe] with those of structurally charac-
terized complexes consisting of five- and six-coordi-
nate N and/or O donor ligands showed good agree-
ment with [Fe*"(EDTAH)(OH)]™ obtained at low pH
where the EDTA complex adopts a six-coordinate
structure with a protonated noncoordinating acetate
arm and a bound water/hydroxide.’*® It was con-
cluded that a six-coordinate oxygen—nitrogen envi-
ronment is most likely present in {Fe3'}-
PAHR . [L-Phe]. Sulfur or phenolate coordination
was definitively eliminated on the basis of the
magnitude of the observed spin-Hamiltonian param-
eters and the lack of LMCT transitions in the
electronic spectrum of the native enzyme.'*® Other
oxygen atom donors, such as carboxylates and/or
water, were proposed to complete the iron ligand
sphere. This conclusion is consistent with mutagen-
esis studies that suggest Fe-His ligation in the
coordination sphere of PAH, as well as with the His
to Fe3™ LMCT transitions observed at 350 nm in its
electronic spectrum.

Additional support for the presence of a N/O
coordination sphere of six (or five) moderately cova-
lent ligands came from examination of the ferrous
site. The Mdossbauer spectra of {Fe?'}-

PAHR . [L-Phe] consisted of a quadrupole doublet
with dge = 1.23 mm s ! and AEq = 2.85 mm s71,
characteristic of high-spin Fe?" in a six-coordinate
N/O environment.'® The Og, value, which s electron
charge density at the ferrous center, is expected to
be smaller for four-coordinate centers than six-
coordinate sites owing to shorter metal—ligand bond
lengths that increase the s-electron density at the
5’Fe center.'#%1% Data obtained with model com-
plexes indicate that dre < 1 mm s™! are expected for
four-coordinate geometries while six (or five)-coordi-
nate geometries have or. > 1.20 mm s 1.25° Further-
more, the substitution of one nitrogen or oxygen
ligand with a more covalent sulfur donor would be
expected to decrease Or. by approximately 0.1 mm
s™.  The parameters observed for {Fe?'}-
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Table 3. Comparison of the Spectroscopic Properties
of {Fe""}PAHR_, [L-Phe] and
[Fe"*(N-MeEDTrA)(OH)]~° (n =2, 3)
{Fe3*}PAHR -
technique [L-Phe
UVivis 350 nm (em = 4500)

[Fe3*(N-Me-
EDTrA)(OH)]~

205 nm (ep = 9000)
255 nm (em = 15000)

> +120 mV (vs NHE) + 31 mV (vs NHE)

redox potential

EXAFS 270at1.96 A 340at210A
31Nat215A 2.0Nat228A
(six coordinate) (six coordinate)

Maossbauer Ore =0.39 mmst Ore = 0.44 mms—t
AEq = —-0.06 mms™ AEqg=0.27 mms™
D=-0.28cm! D=-0.18cm™?
E/D = 0.224 E/D =0.14
A=-212 A=-213

EPR Oetf = 4.5, 9.7 Oeff=43
ID|=0.35cm™?

E/D=0.3+0.05

MCD (Fe?" form) g=94,6=36cm1 ¢ =93,0=44cm!
—A=500cm™? —A=400cm™?
IV/2A| = 0.18 IVI2A| = 0.22

PAHR . [L-Phe] are consistent with a high-spin
Fe?" center that is exclusively coordinated to N/O
ligands.

Further insights concerning the coordination sphere
of {Fe**}PAHF ., [L-Phe] came from the spectro-
scopic characterization of the model complex [Fe3*-
(N-MeEDTrA)(OH)]~ and a comparison to the L-Phe
activated oxidized enzyme (Table 3).1%° These data
indicate that the electronic environment of { Fe3*}-
PAHf_Phe[L-Phe] is closely approximated by a six-
coordinate complex containing two N donors, three
carboxylate ligands and a solvent molecule, thereby
supporting previous EPR and Mdossbauer spectro-
scopic characterization of the active site of PAH.
Interestingly, both the Fe?t and Fe3* forms of the
N-MeEDTrA complex are capable of catalyzing the
heterolytic cleavage of the O—0 bond of phenylper-
acetic acid.®°

Most spectroscopic studies to date on PAH have
focused on the resting ferric form that is more
spectroscopically accessible. However, it is essential
that characterization of the reduced state of the
enzyme is performed since the ferrous form of PAH
represents the catalytically competent oxidation level.
Recently, magnetic circular dichroism (MCD) and
X-ray absorption (XAS) spectroscopic methods have
been used to examine the active sites of ferrous
metalloenzymes in a variety of states.’®* Analysis of
near infrared (near-1R) MCD spectra allow the direct
observation of ligand d — d transitions whose excited
state orbital energies are sensitive to the coordination
number and geometry of the iron center. When
coupled with variable-temperature variable field
(VTVF) MCD studies, which allows the determina-
tion of the ground-state sublevel splittings and orbital
energies, a complete experimentally determined d-
orbital energy diagram was obtained. Complemen-
tary information regarding the oxidation and spin
states, coordination number and geometry at the iron
center was obtained from XAS studies. Additional
insights concerning the types of ligands and the
ligand distances was obtained from the extended
X-ray absorption fine structure (EXAFS) portion of
the XAS data.

Kappock and Caradonna

Initial MCD and XAS studies have centered on the
{Fe?}PAHT,  {Fe"}PAHYL,, {Fe'}PAHR ., .-
[L-Phe], {Fe*"}PAHT[L-Phe], and {Fe*"'} PAHT[L-Trp]
states.'®2 The presence of two transitions near 10000
cm™! split by approximately 2000 cm™1 is consistent
with a distorted octahedral coordination site for
{Fe?"}PAHT and {Fe?'} PAHT[L-Phe]. The MCD spec-
tra of {Fe?*}PAHT, and {Fe?*}PAHX%,, showed
transitions that were nearly identical to one another,
suggesting that there is no significant difference in
the iron coordination environment upon activation
of PAH. While these data indicate that the T/R
activation state of the enzyme has little (if any) effect
on the spectral properties of the reduced iron center,
the presence of a substrate in the active site induces
a shift to higher energy of approximately 700 cm™
in the lower MCD band, indicative of a stronger
ligand field at the iron and a change in geometry.
Samples of {Fe*}PAH" , [L-Phe], {Fe2*}PAHT[L-
Phe], and {Fe?"}PAHT[L-Trp] gave similar spectra.
(Kinetic measurements, gel filtration chromatogra-
phy, and for the L-Trp sample, low-angle solution
X-ray scattering data, support the assignment of the
enzyme as T-state where indicated.) These results
indicate that there are two different active site forms
that can be represented by {Fe*"}PAHTR, which
contains an empty catalytic site, and { Fe*"}PAHTR-
[L-Phe], in which the bound substrate alters the
ferrous center’s electronic environment. Complete
ground-state and excited-state energy levels were
obtained from VTVF MCD studies. Interestingly, the
value of 10 Dq of ~9400 cm™! for {Fe?*}PAHT is
significantly lower than that found for [Fe?*(H,O0)s]*",
which together with the observation that nitrogen
ligation increases the ligand field strength about an
iron center, suggests that the coordination sphere of
the active site Fe center in {Fe?*}PAHT is predomi-
nantly oxygen. Average Fe—O distances in the
enzyme samples (2.18 A) are somewhat greater than
those observed in hexaaquo complexes (2.14 A).

The complement to detailed symmetry studies is
extended X-ray fine structure (EXAFS) spectroscopy,
which allows precise determination of the bond
lengths, the remaining component of a complete
solution of the site geometry. This has been per-
formed for the Fe3" and Fe?" states of PAHT and
PAHR, so that the geometric effects of allosteric
activation and iron reduction can be separately
understood.'®? In XAS experiments, iron core 1s
electrons are excited into the continuum states by
monochromatic X-rays, in the present case at the
K-edge. Pre-edge features caused by the formally
electric dipole forbidden 1s — 3d transition gain
intensity if a center of symmetry is present, which
couples the two states via a quadrupole transition,
but more significantly through 4p—3d mixing. PAH
in each of the four states examined showed only small
pre-edge features, which is only consistent with a six-
coordinate environment. Only subtle differences
were observed between PAHT and PAHR samples in
either oxidation state, and both resembled six-
coordinate model compounds with a nitrogen—oxygen
primary coordination shell most closely.'%?> Modula-
tions of the extended absorption edge have a direct
dependence on the distances between the primary
absorber and atoms in its immediate environment,
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which can be obtained by Fourier analysis of ap-
propriately weighted and scaled EXAFS data.

From these studies and the UV/vis spectrum, one
can conclude that the catalytically competent active
site of PAH is a spherically symmetric one, with
histidine—carboxylate ligation able to adopt a num-
ber of conformations. This flexibility causes the
observed microheterogeneity in the electronic envi-
ronment of its Fe3t state.!® The mutational identi-
fication of two histidines as potential iron ligands®®
is consistent with this spectroscopic characterization
of intact, wild-type PAH. Geometric and electronic
parameters from MCD and XAS investigations have
confirmed that the iron site in {Fe?"}PAH is not
drastically different from that in {Fe®*}PAH. This
result is consistent with the observation that the
redox state of the iron does not affect the affinity of
PAH for L-Phe or redox-inert pterin analogues.*'’ The
splitting in the ligand field MCD spectrum and the
shape and intensity of the pre-edge features in the
XAS spectrum of {Fe?*} PAHT are consistent with a
six-coordinate distorted octahedral geometry. EPR
and MCD studies show that there are characteristic
differences as the result of allosteric activation that
are not detectable in EXAFS; no drastic changes to
the primary coordination environment occur during
the T — R transition, despite the rather large (~34
kcal mol~1)8° activation energy barrier for the allo-
steric reorganization. “Vacant” coordination site(s)
detectable by adduct formation are the subject of the
next section.

4.3. Adducts. If the iron site of PAH is used for
O, activation, at least one of its ligands must dis-
sociate. Several good high-spin Fe3t ligands have
been observed to bind PAH, and in many cases,
inhibit activity, usually by preventing the progression
to reduced enzyme.’®¥ Azide was the first of these
identified,'” followed by catechols and catechola-
mines.’®® Incubation of catechol compounds with
{Fe®"}PAH results in the rapid formation of a blue-
green complex (Amax = 698 Nm), and a highly axial
EPR spectrum.146.156.164 Catechol binds tightly, with
a Kg = 0.42 uM, at a final stoichiometry of one
catechol per active iron (i.e., a catalytically compe-
tent, coordinately unsaturated active site iron). Re-
ferred to the concentration of active iron, the eggs IS
1900 M~* cm™%, with a shoulder of approximately
equal intensity at 435 nm.5!

Catechol can coordinate to Fe3* by one or both of
its oxygen atoms, which can be distinguished by
using isotopic substitution to assign bands in the
resonance Raman spectrum or in comparison to
crystallographically characterized model compounds.
In comparison to model compounds, the coordination
of catechol to PAH is proposed to be bidentate.'64
Stronger evidence of bidentate coordination has been
obtained for TyrH, in which the stretches have been
assigned with the assistance of rare O and Fe
isotopes.’®® In vivo, PAH is less likely to undergo
regulation by catecholamines than TyrH, which has
apparently developed a system to overcome cate-
cholamine inhibition (section 11.B.3.5).

Some of the other adducts of { Fe3*} PAH that give
detectable spectroscopic signatures are presented in
Table 4.1 They fall into three approximate groups:
the possibly monodentate Tris and phenol, the bi-
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Table 4. Adduct UV and EPR Signals

PAH adduct UV/vis EPR (Qetf)
Tris base 380 nm (em =~ 3000) 6.4,5.7
phenol 540 nm (em = 1000) 6.4,5.7
catechol 435 nm (em ~ 2000) and 7.4 & 4.2 (LKD)
698 Nnm (em = 1900) 5.8 (MKD)
azide 450 nm (em ~ 1800) mostly 4.3
glycerol enhances < 500 nm mostly 4.3,

PAHR ~ PAHT

dentate catechol, and the weakly bound azide and
glycerol. Table 4 presents results for {Fe*"}PAHT,
which is an inactive form of the enzyme but clearly
one containing solvent-accessible iron. Adding 10%
(viv) glycerol to rPAHR ., [L-Phe] causes the disap-
pearance of the gesr = 4.5 signal that is characteristic
of L-Phe bound to the active site of PAH, but it is not
clear if this is due to an enforced, rhombic environ-
ment (as with azide binding) or by displacement of
the active site-bound amino acid.#6:156

Exogenous adduct formation with {Fe*"}PAH by
stoichiometric o-phen (at concentrations far lower
than what would be required to strip iron from the
enzyme) indicates that two coordination sites are also
accessible in the reduced state of the enzyme. This
has the useful property of quenching the fluorescence
due to PAH, which can be exploited as a means of
measuring [{Fe?*}PAH] (Kyg = 0.8 uM). Binding of
bathophenanthroline (Kq = 1.1 nM) is nearly diffu-
sion controlled and causes complete quenching of the
enzyme’s fluorescence. Bathophenanthroline is an
effective competitive inhibitor of steady-state PAH
activity, with a K, (2 nM) effectively identical to its
Kgq.116

Alternately, binding of 1,2-dihydroxynaphthalene
(DHN) to {Fe*"}PAH can be employed for the deter-
mination of ferric PAH levels. Binding of DHN to
{Fe*"}PAH also causes fluorescence quenching, is
tight (Kq = 1.1 nM) but slow enough to conveniently
measure binding rates, and is not reversible, meaning
that it is an effective trap. Using this method,
several other chelators were examined for their
ability to inhibit DHN binding. Among the strongest
were benzohydroxamate and acetohydroxamate
(K = <1 and 12 uM), which are structurally similar
to the tightest known Fe3" chelators, the sidero-
phores. These values compare favorably with that
for glycerol, which inhibits DHN binding with a K|
of 62 mM under the same conditions (0.1 M phos-
phate, pH 6.8, 25 °C). All of these values correspond
well with the inhibition constants determined for the
reduction process (next section). As expected, aceto-
hydroxamate was a much less effective inhibitor of
steady-state PAH activity (K, = 1.7 mM). The
irreversible binding of DHN was used under hy-
droxylation conditions to determine that once in
every ~150 turnovers, {Fe?"}PAHR oxidizes to { Fe3'}-
PAHR. Another clear implication is that { Fe3*} PAHR
is not part of the normal catalytic cycle. Under
turnover conditions, inhibition of reduced PAH by
ferric chelators may be mostly attributable to aber-
rant oxidation of the active site.'®

Adducts of { Fe?*} PAH that are amenable to more
extensive spectroscopic analysis are rarer. One that
is likely to allow many new kinds of spectroscopic and
kinetic investigations is the nitric oxide ("NO) adduct
of {Fe?*} PAH, which generates a yellow species in a
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strictly anaerobic environment. Since *NO is a stable
radical (S = '/,), it can combine with Fe?" (S = 2) to
generate one of several different coupled spin sys-
tems, which are grouped into the general designation
{FeNO}’, where the superscript represents the total
number of d electrons present in the coupled sys-
tem.'%6 Because it binds to the ferrous state of
several oxygen-activating enzymes, including PAH,
it can be regarded as a probe of how O, might bind
to the reduced iron center. The resemblance is
imperfect, because of the greater reactivity of *“NO
and its different geometric preferences, but in any
case it provides a useful EPR signal. Examination
of the crossing points!®” indicates that the { FeNO}’-
PAH adduct is highly axial (A ~ 0.02). Only a single
*NO binds to PAH, at the vacant coordination site
that O, might transiently occupy during turnover.5!

4.4. Reduction. There should be common themes
among the known tetrahydropterin—PAH interac-
tions, listed in descending order of their apparent
complexity: productive PAH catalytic turnovers,
uncoupled/unproductive catalytic 6MPH, oxidation
by PAH, and the stoichiometric reduction reaction.
First, PAH catalysis leaves the oxidation state of the
iron unchanged, and results in the oxidation of two
organic substrates with consumption of one equiva-
lent of O,. Second, uncoupled turnover causes the
oxidation of at least 1 equiv of tetrahydropterin per
O, consumed, and can cause oxidation of the ordi-
narily ferrous active site (section 11.A.4.3). The issue
of whether or not H,0; is produced in this reaction
remains controversial. Finally, the reduction process
causes an oxidation of the tetrahydropterin and a
reduction of iron, with a poorly defined and incon-
sistent requirement for O, (vide infra).

If there are common mechanistic themes among
these three processes, one can best hope to build an
understanding by starting with the simplest
interaction: 6MPH,; + n{Fe*"}PAH — gq-6MPH, +
n{Fe?"}PAH. (This excludes the allosteric inhibition
of PAH caused by BH,, which has unknown redox
consequences. With 6MPH,, the inhibitory effect is
more than 1000-fold weaker,'*® and the majority of
studies of PAH reduction use this cofactor analogue
to avoid this complication.) Reduction of the iron site
in {Fe*"}PAH by 6MPH, or BH, is as important for
the formation of an active enzyme species as allo-
steric activation but has received less attention. In
vivo it is likely that nascent or preexisting apo-PAH
is reconstituted by Fe?*, but the oxidation state of
“resting” PAH in situ is unknown. By using the
relatively rapid Shiman purification, which begins
with a DTT/Fe?" reconstitution step, most of the
enzyme purified from liver or recombinant sources
is found as {Fe**} PAH. {Fe3'}PAH is also the major
product of analogous aerobic Fe?*-reconstitution pro-
cedures in vitro.'** Although the oxidation phenom-
enon is poorly understood, the results suggest that
the enzyme readily reoxidizes under aerobic condi-
tions during the time (minutes to hours, depending
on scale of protein isolation) it requires to purify
reconstituted PAH. In vivo, the reduction reaction
may be responsible for avoiding the accumulation of
the relatively stable, inactive {Fe®**}PAH. In the
presence of all three of its substrates, PAH oxidizes
once in every 150—200 catalytic turnovers (under
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“tightly coupled” conditions),1%168 which is significant
relative to ke, 9—12 s™%. In vitro, reduction is an
obligate step prior to catalysis.*6

Very little is known about the mechanism of
reduction. In terms of enzymatic mechanisms, it is
an unusual feature occurring once, in the pre-steady-
state period. The initial products of coupled catalytic
turnover are L-Tyr, 4a-OH-6MPH,, and {Fe*"}PAH
for >99.3% of the hydroxylation events, i.e., {Fe3'}-
PAH reduction is not part of the normal catalytic
cycle. In this respect it differs from flavoprotein
dehydrogenases and reductases, which in their re-
ductive half-reactions are reduced by two substrate-
or NADH-derived electron equivalents stored in one
or more tightly bound flavin cofactors. A separate
oxidative half-reaction returns the enzyme to the
initial oxidized state, which can lead to an overall
pingpong catalytic mechanism. Since PAH lacks
covalently bound organic cofactors, it cannot store
reducing equivalents during the reduction step, un-
less some unidentified redox-active protein moiety
participates in the reaction. The iron sites in differ-
ent PAH subunits are not within 10—15 A of each
other, as determined by the lack of unusual temper-
ature-dependent features in Mdssbauer and EPR
spectra. The only change known to occur in PAH
during the reductive interaction is the oxidation state
of the iron, and while other alterations in the enzyme
have not been detected, they are certainly possible.

During catalytic turnover, 6MPH, bound at the
active site provides two electron equivalents as part
of the reaction complex, carrying away the oxygen
atom not incorporated into L-Tyr at the water oxida-
tion level (as 4a-OH-6MPH,, the hydrate of g-6MPH.).
As a result, the PAH catalytic mechanism is sequen-
tial. In contrast, the reductive interaction produces
g-6MPH, directly.’3® While this tends to rule out
mechanisms akin to an abortive catalytic turnover,
there have been several reports that reduction of
{Fe*"}PAHT requires and consumes 0,.133157 This
potential participation of O, is of crucial importance
in the reduction mechanism.

While PAH had long been suspected to be an iron-
dependent hydroxylase, Fisher and Kaufman pre-
sented the first direct evidence for a tightly bound
metal cofactor, a weak Fe3" EPR signal, which
disappeared under catalytic conditions. The struc-
tural characteristics of the active-site iron deter-
mined by subsequent spectroscopic analyses are
described in section 11.B.4.2. A more direct observa-
tion of iron reduction proved elusive, probably be-
cause of the very low activity of the PAH available
then.”> Later attempts to detect a change in the
visible spectrum of BH, or DMPH, following incuba-
tion with a stoichiometric amount or more of PAHT
failed, for unknown reasons. (It has been suggested
that the reason for the failure to observe tetrahy-
dropterin oxidation was that Tris at pH 7.4 was used
in the assay. However, only a 2-fold rate inhibition
would be expected at 0.1 M Tris, pH 7.8,'% so this
seems unlikely to be the cause of the discrepancy.)
However, activation of the PAH with lysolecithin, in
the absence of either L-Tyr or L-Phe, caused rapid
oxidation of the tetrahydropterin.’®® This result was
later criticized because of the possible presence of
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lysolecithin hydroperoxides, which form on standing
and would directly oxidize 6MPHy, very rapidly.'"°

The first strong evidence for an obligate prereduc-
tion process appeared in 1984. A burst of NADH
oxidation was observed by fluorescence detection in
the presence of O,, DHPR, ~2 uM oxidized PAH, and
a slight molar excess of 6MPH,.132 When the reduc-
tions were performed under conditions that particu-
larly stabilize the 4a-carbinolamine form of the
oxidized pterin, no lag in the appearance of g-6MPH,
was reported, suggesting that g-6MPH is the first
oxidized pterin product of PAH reduction.'®® Reduc-
tion of {Fe3*}PAH by 6MPH, (or under anaerobic
conditions, Na,S,0,) causes characteristic intensity
decreases in the visible and EPR spectra of oxidized
protein.133146 |n addition, the oxidized pterin product
of reduction, q-6MPH;, appeared in register with an
increase in the intrinsic fluorescence of PAH (excita-
tion at 275 or 290 nm), which was used as a
convenient method of determining the Kinetics and
extent of reduction.33

Quantitation of L-[**C]Tyr formation from near-
equivalent amounts of 6MPH, and PAH was used to
determine the (maximum) stoichiometry of 6MPH,:
PAH subunit required for reduction. Very small
amounts of L-Tyr were formed when the ratio of
6MPH,:PAH subunit was low. This “uncoupling” was
consistent with consumption of 1 (T state) and 0.5
(R state) 6MPH, per PAH subunit.133146  An excep-
tion to this stoichiometry was observed when o-
phenanthroline was included in the reduction assay
of PAHT as a trap for Fe?", which indicated consump-
tion of 0.5 6MPH, per PAH subunit. This 0.5:1
stoichiometry was also observed, under anaerobic
conditions in the absence of o-phenanthroline, if the
reductant was Na,S;0,. Dithionite-reduced PAH
was kinetically indistinguishable from 6MPH,-pre-
reduced PAH, determined as a constant L-Tyr:6MPH,
ratio across a range of 6MPH,:dithionite-reduced
PAH subunit ratios, i.e., no 6MPH, was required to
reduce PAH.146

The 1:1 stoichiometry for {Fe3*}PAHT reduction
implies a requirement for a minimum of four “extra”
electrons per tetramer (more if the iron occupancy is
lower). The fate of these reducing equivalents was
not established, but the apparent O, requirement
seemed to afford an explanation of how they might
be discharged. However, no peroxide or superoxide
was detected as the result of reduction.**®* When O,
usage was quantitated, 0.5 O, per 6MPH, was
consumed during reduction of { Fe**}PAHT by a molar
equivalent of 6MPH,; this dropped to 0.12 O, per
6MPH, in the presence of catalase. Bloom et al.
describe the processes occurring in terms of the
following interactions:

{Fe*"}PAHT + 6MPH, + O, —
{Fe’"}PAHT + g-6MPH, + 0,” (1)

0,”” — 0.5H,0, + 0.50, )

{Fe*"}PAH" + 6MPH, + 0.50, —
{Fe*"'}PAH" + g-6MPH, + 0.5H,0, (3)
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In the presence of catalase, an additional transfor-
mation occurs, leading to a new net equation:

H,0, — H,0 + 0.50, (4)

{Fe*"}PAHT + 6MPH,, + 0.250, —
{Fe*"}PAH" + g-6MPH, + 0.5H,0 (5)

None of these reactions include the contribution of
tetrahydropterin autooxidation, which only raises the
overall consumption of O,, regardless of the presence
of catalase (which slows this reaction):

0, + 6MPH, — H,0, + q-6MPH,  (6)

Tetrahydropterin autooxidation is thought to involve
formation of O,*~, at a relatively low rate compared
to either {Fe3*} PAHT reduction or oxidation by H,0,
(section 111.B.3). The authors predict 0.5 O, per
6MPH, should be consumed under the conditions of
reaction 3, and state that 6MPH, autooxidation is the
cause of the observed low O, consumption (0.12 O,
per 6MPH, observed vs 0.25 predicted) in the +cata-
lase experiment.’>” (H,O, was not directly detected
in these experiments.) Because the autooxidation
process itself consumes O,, this latter assertion is
puzzling and appears to be erroneous.

The equivalent of hydrogen peroxide produced by
a single reduction event (reaction 3) would be able
to oxidize either the reduced PAH, or another equiva-
lent of 6MPHy,, both of which can occur readily:'7°

0.5H,0, + {Fe*" }PAHT + H" —
H,0 + {Fe* }PAHT (7)

H,0, + 6MPH, — H,0 + q-6MPH,  (8)

If reaction 3 and reaction 7 both occur as written at
a significant rate, a small amount of {Fe3"}PAHT
could catalyze the reduction of half an equivalent of
O, by 6MPH,, which clearly does not occur. If
reaction 3 and reaction 8 both occur, the observed
consumption of O, and 6MPH, per {Fe*"}PAHT
reduced would be 0.5 and 1.5, respectively, yielding
a predicted ratio of 0.33 O, per 6MPH,.

As a result, there are unresolved imbalances in the
electron accounting if one invokes an O, requirement
for {Fe3*}PAHT reduction. There are no such dif-
ficulties with {Fe3"} PAHR reduction in the presence
of 6MPH,; and L-Phe, which does not appear to
require O, beyond what is accounted for by catalytic
turnover.’® Incubation of rat liver PAH with its
substrates under turnover conditions, or reduction
with sodium dithionite, results in a disappearance
of the ferric EPR signals, with the exception of a
small rhombic contribution. Since inactive iron sites
are rhombic, this residual signal might indicate that
inactive iron sites are less-reducible than competent
active sites. It cannot be determined from the
appearance of the EPR spectrum alone, since the
active iron’s middle Kramer’'s doublet components
also contribute to the gerr = 4.3 region.

Shiman and co-workers have investigated the rates
and extent of reduction using ferric- and ferrous-
PAH-specific probes.''® Again the tetrahydropterin:
subunit stoichiometry of aerobic {Fe3*} PAHT reduc-
tion was found to be 1:1, using either 6MPH, or BH,,
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determined by quantitation of either Fe3" or Fe?". In
their experimental procedure, enzyme reduced in 1—2
min aerobic incubations with 6MPH, was quantitated
by the subsequent addition of fluorescent iron chela-
tors. Under turnover conditions, 0.53 + 0.02 BH,
subunit™ was required for the reduction of {Fe3*}-
PAHR. Extrapolating to zero BH,, three times as
much {Fe®"}PAHR is reduced as tyrosine formed.
Given the 10-fold higher kq/Kyn compared to Kpeq,
these authors concluded that tetrahydropterin reduc-
tion of {Fe3*}PAHR occurs without formation of a
reaction complex. Because the reduction rates are
smaller for {Fe3*}PAHT compared to {Fe3*} PAHR,
these authors rule out mechanisms involving the
direct reaction of each subunit with free tetrahydrop-
terin, followed by disproportionation of the resultant
trihydropterin radicals. Therefore, if trihydropterin
radicals are formed, they remain bound to PAHR and/
or very quickly reduce the second iron site. This
would explain why reduction of { Fe®*} PAHR is faster.
However, it is unclear why an intermediate trihy-
dropterin radical would fail to reduce a second
subunit during reductions of { Fe3"} PAHT; a different
reduction mechanism must be operative in each of
the allosteric states.

The reduction of {Fe3*}PAHT was recently reex-
amined under both aerobic and anaerobic conditions
by monitoring the fluorescence increase of PAH that
occurs upon reduction of the ferric center.!* In
aerobic titrations, a 1:1 stoichiometry of 6MPH,:
subunit {Fe3"}PAHT was observed. Parallel experi-
ments using NADH as titrant with a trace amount
of 6MPH, and excess DHPR present also yielded a
1:1 stoichiometry of NADH:subunit {Fe3*"}PAHT.
However, when strict anaerobic procedures were used
to prepare samples for 6MPH, titrations, a change
in the ratio to 0.5:1 6MPH,:subunit { Fe3"}PAHT was
found. Further studies analyzing the amplitude vs
6MPH, response in the reduction progress curves
gave insight into the stoichiometry of the fluorescence-
detected reduction reaction under stopped-flow con-
ditions, which are aerobic but differ from the titration
experiments in that all of the 6MPHy, is provided at
once. Given that 6MPH, donates two electrons to the
enzyme during reduction, it appeared that 1.2 + 0.1
pterin-derived electrons were consumed per Fe3*t
site.1”t

On the basis of the observation that O; is not
required to generate the characteristic fluorescence
increase of { Fe3*}PAHT associated with iron reduc-
tion, the direct quantitation of iron reduction was
determined using EPR titrations performed under
anaerobic conditions. The absence of O, prevents
catalytic turnover, which allowed a direct comparison
between {Fe3*}PAHT and {Fe*}PAH" ., [L-Phe]
states. The data show that the two allosteric states
of PAH have the same reduction stoichiometry under
anaerobic conditions, with an apparent requirement
of 0.5 6MPHy, per iron-containing subunit. No new
radical species were observed (at t = 3 min), and the
only color change reported with these concentrated
samples was a bleaching of the characteristic yellow
color of {Fe3*}PAH.1"1

By using fluorescence-detected stopped-flow tech-
niques, the kinetics of PAH reduction were examined
for a recombinant form of the enzyme. Rates were
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found to have a linear dependence on [6MPH,]; the
second-order rate constant (18 °C, pH 6.8) was
reported to be 6.58 & 0.08 x 10* M1 s 171 This rate
is in good agreement with previous determinations
using rat liver PAH, performed using either the direct
fluorescence method*3® or trapping by Fe?"-specific
chelators.'*® The effect of pH on the second-order
rate constant was small; a decrease was observed at
higher pH (18 °C, pH 8.0: 4.01 4+ 0.08 x 10* M 1s™1).
This rate is larger than a previous determination
with rat liver enzyme, performed in the inhibitory
buffer Tris.’® Finally, the reduction of L-Phe-

activated {Fe3**}PAHR , [L-Phe] is somwhat faster
than reduction of {Fe*"}PAHT;!1¢ lysolecithin-acti-

vated PAHYS cinin IS 3-fold faster than PAHT at 18
0C_l7l

These results indicate that the different allosteric
states of rPAH require the same number of reducing
equivalents, maximally 0.5 6MPH, subunit™2, but the
reduction reaction is several-fold faster with R-state
enzyme.’®® Since the lower stoichiometry is uni-
formly observed with the faster reducing species, it
seems reasonable that there is a competing, inef-
ficient, O,-consuming process that becomes kineti-
cally insignificant relative to the efficient reduction
reaction.

It remains to explain the discrepancy between the
anaerobic and aerobic reduction results obtained by
different investigators. Since reducing equivalents
are quickly and quantitatively transferred to Fe3*
under strict anaerobic conditions, our results do not
agree with the observations of Marota and Shiman.133
One can explain the low O,-consumption stoichiom-
etry reported by Bloom et al. if reduction is at least
partially (=50%) efficient under their aerobic condi-
tions.’® (Since tetrahydropterins react directly with
O,, this fraction may be larger than half.) In turn,
there is clearly some inefficient use of 6MPH, under
the stopped-flow assay’s experimental conditions,
because the observed reduction stoichiometry in this
aerobic experiment is 1.2 electron Fe™1, compared to
1.0 electron Fe™! in the EPR titration.!”* Since the
reduction reaction is ~85% efficient under the stan-
dard reduction assay conditions, it is useful as a
mechanistic probe for the efficient component of the
reaction at substoichiometric 6MPH, subunit™ levels.
Above this level, it is likely to go by the inefficient
reduction mechanism, which may also consume O,
in the manner previously reported.

Diffusible radical formation is not likely to occur
on the efficient reduction pathway, because reduction
reactions under Kkinetic control (the stopped-flow
assays) show efficient reduction, even at low levels
of 6MPH, subunit .t When a small amount of
6MPH, binds to {Fe3*} PAHT, the second electron is
not lost to O, reduction, in a process that resembles
the faster reduction of PAHR .. It is reasonable to
suspect that this second reducing equivalent never
leaves the enzyme, i.e.,, two *6MPH; radicals are
unlikely to dissociate from the enzyme and dispro-
portionate to 6MPH, and g-6MPH, to give the
observed 0.5:1 6MPH4PAHF ... stoichiometry.
This conclusion was also reached by Shiman et al.
from the nonequivalent rates of {Fe®"}PAHT and
{Fe3*}PAHF ., reduction (1.8 x 10° and 2.5 x 105
M- s71 respectively, at 25 °C).1%® If all redox
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transformations are mediated by free pterins, as in
a disproportionation-based mechanism, it would re-
quire the T- and R-state reduction rates to be about
equivalent, or with reduction of R slower than T, the
opposite of what is observed. This stems from the
need for two *6MPH; to dissociate from the enzyme
and disproportionate in the (0.5 6MPH, subunit™
stoichiometry) PAHR . case but not in the PAHT
(1.0 6MPH, subunit™) case.''® (This inference is
correct for the substoichiometric case, but if excess
pterin is available, as is the case for the determina-
tion of the compared reduction rates, the rate of
reduction detected by a change in the properties of
the iron site will not be rate-limited by the sequelae
of pterin oxidation.)

For related reasons, there is value in determining
the limiting behaviors of the 6MPH,4:PAH interaction
even under the conditions of inefficient reduction;
however, previous investigators found no evidence for
saturation of the reduction rate!®® until quite re-
cently, with BH,4.116

Several intriguing issues arise from these consid-

erations. First, it becomes uncertain what might

cause the rate difference between {Fe3*}rPAHT .

and {Fe**}rPAHT reduction, since the reduction
stoichiometry is the same. The simplest explanation
is that the structure of the protein matrix affects the
kinetics and perhaps the mechanism of reduction.
Second, the second electron transfer within the
reaction complex is at least as fast as the first
electron transfer from 6MPH, to Fe3*. If 6MPH,
occupies a binding pocket near the active-site iron
for the reduction reaction and at least the first
electron transfer, it becomes a matter of considerable
interest how quantitative electron transfer to a
distant, second iron site occurs. Finally, there is the
lingering question of why under aerobic conditions
6MPH, reacts stoichiometrically with oxidized PAH,
regardless of iron content or whether the fraction of
active iron present is substoichiometric. Since it is
able to provide reducing equivalents in excess of what
would be apparently required by the limiting stoi-
chiometry, it must modify the enzyme in such a way
that 6MPH, oxidation does not continue indefinitely.
Neither { Fe3"}PAHT nor {Fe?*} PAHT function cata-
lytically as an O,-dependent tetrahydropterin oxi-
dase, even though {Fe?"}PAHR does so during un-
coupled turnover.

Our results are consistent with a concerted, two-
electron transfer from 6MPH, to two {Fe®*}rPAHT
subunits, in that the rate of PAH reduction is
monophasic.’* This would be expected given the
instability of the trihydropterin semiquinone radi-
cal.t”? It is most likely that if O; is consumed during
reduction, it traps an enzyme-bound intermediate
rather than being a requirement for electron transfer
to the protein. Perhaps PAH is altered by interaction
with the pterin in a way that precludes oxidation of
6MPH, beyond a single equivalent per subunit, but
has no effect on the active site Fe?". Since subunits
lacking iron still apparently consume one 6MPH,,
iron is unlikely to be the (initial) acceptor of the two
reducing equivalents. Even if it were, and the two
electrons were accepted sequentially from the pterin,
the second, extra electron would have to go elsewhere
(perhaps reducing O).1"* This depiction is again
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consistent with the idea that the PAH protein matrix
mediates reduction of its active site iron, a possibility
of continuing interest.1*

5. Atypical PAH

All of the mammalian PAH enzymes have very
similar characteristics and a high degree of sequence
similarity. Nearly all of the mechanistic work has
been done on these “typical” PAH systems, with the
exception of C. violaceum, the only atypical PAH
studied extensively. In contrast to the conserved
sequence and structure of mammalian PAH, the
atypical PAH enzymes vary widely in their charac-
teristics. Thus it is difficult to make comparisons
among them, or with the typical forms of PAH. PAH
from Drosophila, which is apparently a bifunctional
PAH/TrpH"® with 50 kDa subunits, shows the high-
est sequence homology of any atypical PAH to the
mammalian enzymes. The first three exons of hu-
man PAH have little similarity to the Drosophila
enzyme, but the sequence homology rises to 89%
similarity in a segment of the C-terminal domain.™*
In principle, the determinants for selecting between
the two unactivated aromatic substrates are lacking
in this form of PAH, an area of inquiry that will be
better understood once more is known about the
catalytic characteristics of the purified Drosophila
PAH/TrpH. There is a distinct Drosophila TyrH
encoded by the pale locus (section 11.B.1).175

Many prokaryotes, including E. coli, synthesize
L-Phe and L-Tyr by independent pathways starting
from prephenate. However, several Gram-negative
microorganisms are able to subsist on L-Phe as a
carbon source, forming either phenyl acetate or L-Tyr,
which implies that there might be PAH activity in
prokaryotes. Direct conversion of L-Phe to L-Tyr was
observed in Pseudomonas and Salmonicida spe-
cies.t® The PAH activity levels in P. acidovorans (P.
sp. ATCC 11299a) were shown to depend upon the
identity of the inducing amino acid: L-asparagine-
induced cells had low PAH activity but L-Tyr-induced
cells had levels comparable to that of L-Phe-induced
cells. Partially purified enzyme required Fe?t, O,,
DMPH,, and the L-Phe substrate for activity, which
was stimulated further by NADH.14?

In a study using more extensively purified enzyme,
the stimulatory effect of added metal ions was not
exclusive to iron; some doubts arise as to the rel-
evance of this observation because of the very low
activity of this preparation (SA ~3 x 10°®* U mg™ at
30 °C).»*2 The P. acidovorans cofactor was deter-
mined to be reduced L-(threo)-neopterin rather than
BH,,'”” which remains the only known difference in
PAH cofactor preference. The four purple, non-sulfur
bacteria that contain PAH (P. facilis, P. acidovorans,
Alicagenes eutrophus, and C. violaceum, which also
contains a TrpH activity) belong to different pseudo-
monad subclasses, leaving the origin of the prokary-
otic PAH trait unclear.'’®

Recently, the phhA gene from another PAH-
containing strain, P. aeruginosa, has been cloned
and sequenced, using a strategy of tyrosine—aux-
otroph complementation. It encodes a 30 kDa, mon-
omeric, iron-dependent PAH that is encoded in an
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operon with 4a-carbinolamine dehydratase and an
aromatic amino acid aminotransferase. Interest-
ingly, the PAH accessory protein 4a-carbinolamine
dehydratase is also a homeodomain protein trans-
regulator in several organisms and appears to play
some essential role in P. aeruginosa PAH expres-
sion.143

A more intensely studied atypical PAH is the M,
32 000 protein from C. violaceum. This PAH activity
was observed during a study of the TrpH activity in
the same organism (section 11.C.2.3), and the two
activities were shown to reside in different pro-
teins.’”® A 3000-fold purification culminating in
crystallization of C. violaceum PAH was accom-
plished by Nakata et al. who observed normal cata-
lytic characteristics (coupled turnover with DMPHy,,
Vmax = 14 U mg™1) but could not detect iron in active
preparations. DMPH, was a more effective cofactor
than 6MPH, or THF (1.0:0.6:0.1 relative activi-
tieS).54’180

Pember et al. examined purified C. violaceum PAH
(specific activity 10—13 U mg™1), and found 0.03 Zn,
<0.30 Fe, and 0.99 + 0.05 Cu per monomer.*®1 EPR
spectroscopy showed a typical type I1 Cu?* site, which
up to 3 mM DMPHy, could not reduce to the diamag-
netic Cut. DTT (2 mM) caused ~90% reduction of
this signal, and complete reduction could be effected
(under anaerobic conditions) by 0.88 dithionite-
derived reducing equivalents per monomer.

Preincubation of C. violaceum PAH with excess
DTT eliminated an unusual lag in the appearance of
L-Tyr. The lag was not due to L-Phe activation (the
lack of allostery is unsurprising in this monomeric
protein, which lacks the first ~200 residues of the
normal PAH consensus), and differed in length if an
NADH/DHPR or DTT-coupled reaction was employed
(roughly 2 and 0.7 min, respectively). The activity
was uniformly lower in the absence of DTT. Even
prereduced enzyme shows a lag of ~10 s in the
NADH/DHPR-coupled system. The authors ascribed
this to dehydration of 4a-hydroxy-6MPH,, which like
mammalian PAH is formed as the initial pterin
product of C. violaceum PAH catalysis.8!

On the basis of these observations, the authors
associated this nonallosteric lag with Cu?* reduction
and fit its rate to the sum of the reduction (0.1 min~?
at saturating DMPH,) and (re)oxidation (0.4 min™?%,
little DMPH, dependence) rates.’® This would ex-
plain the longer lag times in the absence of DTT as
being due to inefficient reduction of C. violaceum
PAH by DMPH, except in the presence of substrate.

However, this hypothesis yields unusual interpre-
tations of several experiments with near-stoichio-
metric levels of DMPH,. A plot of (L-Tyr/DMPH,) vs
(DMPHJ/monomer) appears to indicate 0.7 L-Tyr per
DMPH, is formed as (DMPH,/monomer) — 0, which
is quite different from the near-zero value one would
expect if prereduction of the bulk of the oxidized
enzyme present was required for catalysis.

A second experiment shows a lag of L-Tyr forma-
tion, but an endpoint of 7 uM L-Tyr formed from 7.8
uM DMPH, and 3 uM C. violaceum PAH monomer.
While these results are consistent with prereduction,
they imply that the majority of L-Tyr formation is
performed by a small fraction of the oxidized C.
violaceum PAH initially present. The simulations
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used to determine the significant difference in DMPH,
Kq values for the oxidized and reduced C. violaceum
PAH require fixing the reduction stoichiometry at 1:1
C. violaceum PAH:DMPH,. Most of these consider-
ations stem from the slow reduction rate, especially
given the relatively large reoxidation rate, which is
unusually slow compared to other cupric proteins or
to reduction of the iron site in mammalian PAH. .81

Because DMPH, does not reduce the Cu?* site by
itself, the possibility of adduct formation was exam-
ined by EPR using [5-**N]- and [5-1>N]DMPH,. An
analysis of the hyperfine interactions indicated a
direct Cu?t—N?® interaction,®? which makes the in-
ability of DMPH, to reduce the Cu?* site all the more
puzzling. This system remains the only evidence
supporting a direct metal—pterin interaction in any
PAH.

Steady-state kinetic analysis showed that C. vio-
laceum PAH operates with a partially ordered se-
guential mechanism, with O, binding first of the
three substrates.’®® This was established by varia-
tion of each of the three substrates in turn, using a
constant ratio or two substrates at several fixed
concentrations, to generate a family of three Line-
weaver—Burk plots. Replots of the slopes were
parabolic, as was the intercept replot of the v vs
[O2]7! data. The other two intercept replots were
straight lines, which indicates ordered addition of O,
as the first substrate, followed by random addition
of DMPH, and L-Phe.

The kinetic mechanism also predicts that C. vio-
laceum PAH (E) is in equilibrium with an E-O,
complex. In order to test this prediction, rapid-
guench experiments were performed in which en-
zyme and 26 mM DTT in oxygenated buffer were
diluted 20-fold into an anaerobic solution containing
large amounts of DMPH,, L-Phe, and DTT. A burst
of 0.88 turnovers per monomer was observed (deter-
mined by extrapolation to t = 0) if the preequilibra-
tion solution was 1.2 mM O; (6 Ky,), which fell to 0.53
turnovers per monomer at 60 uM O, (0.36 Ky,). The
steady-state velocities following the burst were iden-
tical. A smaller burst was obtained when L-Phe was
included in the preincubation, which is consistent
with it functioning as a dead-end inhibitor in the
overall catalytic scheme.'®

Finally, the Evans method was used to show that
C. violaceum PAH reduces the ues of O, in @ manner
consistent with complex formation. Presumably, Cu*
is the site of O, binding to C. violaceum PAH.'8 This
mechanism is probably not employed in the other
aromatic amino acid hydroxylases. In TyrH, where
the order of addition is known, 6MPHy is first to bind
in the overall kinetic mechanism; inhibitor studies
were used to determine that O, and L-Tyr bind in
the following steps.8

C. violaceum PAH was cloned and overexpressed
in E. coli to yield a copper-containing enzyme (1 Cu
per monomer). A purification chart indicates a very
high final activity of 31 U mg~?! but the authors state
12—-18 U mg~! was average. Vmax values for both
authentic C. violaceum PAH and recombinant en-
zyme (34 and 35 U mg™, respectively) were nearly
twice as large as any other PAH Vo« reported.8®

The site characteristics and geometry of such an
unusual active site metal ion were investigated using
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spectroscopic techniques sensitive to the geometry
and state of the copper center. EXAFS investigations
of the Cu?* and dithionite-generated Cu* C. viola-
ceum PAH (because dithionite reacts with O,, the
catalytic characteristics of enzyme reduced in this
manner were not reported) show a decrease in the
coordination number from ~4 to ~3 upon reduction.
By using the pulsed-EPR technique ESEEM, with
wild-type C. violaceum PAH and two site-directed
mutants, histidinyl coordination of the copper was
claimed, on the basis of the observation of Cu?*
coupling to the remote “N in coordinated imida-
zole.186

Further confirmation was obtained by the absence
of this coupling in the C. violaceum PAH proteins
lacking either His138 or His143, which were com-
pletely inactive but did contain tightly bound Cu?*.
In one of the mutants the Kq4 value for Cu?* binding
is 5-fold lower than wild-type.’®” The authors con-
clude that these two histidinyl residues ordinarily
coordinate Cu?* in this form of PAH,® which is
consistent with results obtained by mutating the
analogous histidinyl residues in mammalian PAH.
However, replacement of these two histidines in
mammalian PAH with presumably noncoordinating
amino acids resulted in the isolation of a protein that
was both completely inactive and completely lacked
iron.%% In the copper-PAH case, the presence of the
tightly bound metal did not seem to depend upon the
availability of its putative ligands, nor did it restore
activity to the mutant enzymes. These data indicate
that copper does not bind in the normal fashion,
assuming the remainder of the protein’s structure is
insignificantly affected, and that the histidines are
essential for activity.

These two observations would be congruent if
metal binding is essential for activity, but more
recent work from the Benkovic group suggests that
this is not true for C violaceum PAH.* The rein-
vestigation was prompted in part by the observation
that millimolar amounts of DTT stimulated C. vio-
laceum PAH activity, rather than inhibiting it, which
would be expected because of the strong bonds thiols
form with late transition metals. Prolonged DTT
treatment resulted in loss of copper from the enzyme,
but without a decrease in activity. EDTA and ba-
thocuproine also removed copper from C. violaceum
PAH,!8 put these compounds inhibit activity, as do
phosphate, diethyl dithiocarbamate, o-phenanthro-
line, citrate, and L-dopamine.'&

“Copper-free” C. violaceum PAH, prepared by
treatment with DTT followed by gel filtration, con-
tained 1—-2% Cu per monomer but retained >85%
activity (12.2—11.6 = 0.7 U mg~t with DTT present).
The assay mixtures contained 9% Cu per monomer.
Coupled turnover using 6MPH, and DTT was ob-
served with copper-free C. violaceum PAH, with 0.94
+ 0.04 L-Tyr formed per 4a-OH-6MPH,. If the DTT
is omitted, the activity of copper-free C. violaceum
PAH drops to 5.9 U mg™! in Hepes (30 mM, pH 7.4)
or 3.4 U mg~! in imidazole (20 mM, pH 7.5) under
conditions in which the untreated copper-containing
enzyme gives 0.2 and 3.3 U mg™, respectively. Since
imidazole is potentially coordinating, the equality of
the treated and untreated C. violaceum PAH activi-
ties in that buffer suggested to the authors that the
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lack of activity in a noncoordinating buffer like Hepes
resulted from failure to remove inhibitory copper
from C. violaceum PAH. Addition of 0.5 equivalent
of Cu?t was sufficient to completely inhibit the
activity of copper-free C. violaceum PAH, with Zn?*
nearly as effective.18®

The surprisingly low stoichiometry of metal inhibi-
tion and the two-fold lower activity in the absence of
DTT were both attributed to contamination of their
assay mixtures with an “inhibitory metal”, perhaps
Zn?*, that is presumably retained during the removal
of Cu?*. (Atomic absorption shows ~25 mol% Zn
present in copper-free C. violaceum PAH.) However,
DTT is initially unable to relieve inhibition of C.
violaceum PAH by Zn?". The authors propose that
the relief of Zn?* inhibition during catalytic turnover
proceeds by displacement of the Zn?" with Cu?*,
followed by the removal of inhibitory Cu?t by DTT
to generate an active, metal-free protein. In support
of this proposal, the addition of Cu?* to Zn?*-inhibited
enzyme is reported to restore “nearly normal” activ-
ity. The inhibitory effect of both Cu?" and Zn?*
appeared to be more extensive than what would be
predicted from the near-micromolar K4 values with
copper-free C. violaceum PAH determined by fluo-
rescence titration.88

(Additional mechanistic work with copper-free C.
violaceum PAH is described in Section IV.B, where
it is most clearly compared with results from the
other hydroxylases.)

The evidence for a E-O, complex implied from the
burst of product formation'® summarized above
would be very difficult to rationalize if C. violaceum
PAH lacks a redox-active metal cofactor. The pres-
ence of 26 mM DTT in the preincubation medium
suggests that there was enough of this compound to
effect whatever its activating or metal-removing
effects are. Carr and Benkovic state that they were
unable to directly observe a burst phase using
stopped-flow techniques under conditions similar to
the previous rapid-quench experiments.'88

As for the steady-state data, which also indicates
E-O, complex formation, the authors suggest that
some other interpretation may cause the observed
burst of product formation. In a metal-free mecha-
nism, activation of O, must be carried out within the
E-tetrahydropterin or E-L-Phe-tetrahydropterin com-
plexes.’® Until a mechanism consistent with all of
the available data is obtained, it is prudent to
withhold judgment in the case of C. violaceum PAH
and whether it contains a metal cofactor. It is
particularly critical to proceed carefully and quanti-
tatively when considering specific activity and Vmax
values, which have the potential to identify the true
active component in a particular reaction mixture.
An important issue that remains unclear is the
maximum specific activity of C. violaceum PAH,
which will be required to make quantitative activity
comparisons between enzyme preparations with and
without added metal ions. As for the mammalian
PAH enzymes, for which an iron requirement is
direct and unambiguous, no structural, functional,
or mechanistic inferences should be made on the
basis of C. violaceum PAH data.
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Figure 8. TyrH reaction, leading to catecholamine neu-
rotransmitter formation.

B. Tyrosine Hydroxylase [TyrH, EC 1.14.16.2]

1. Distribution and Physiological Functions

TyrH forms the first dedicated metabolite in the
biosynthesis of the catecholamine neurotransmitters
(Figure 8), a clear functional distinction from the
primarily catabolic PAH. In the central nervous
system, TyrH is found in dopaminergic neurons
(substantia nigra, ventral tegmentum, hypothalamic
arcuate nucleus, superior colliculus, and the olfactory
bulb), noradrenergic neurons (locus coerulus and
lateral tegmental area), and in the epinephrine-
containing neurons of the brainstem.

In the periphery, TyrH is found in sympathetic
ganglia but the richest source is adrenal chromaffin
cells.’® The adrenal medulla secretes norepineph-
rine and epinephrine, which were originally proposed
to arise from sequential hydroxylations of L-Phe and
L-Tyr by Blaschko.’®* It was from this source that
TyrH activity was first directly demonstrated, using
as an assay the release of tritiated water from [3,5-
SH]tyrosine.?® A related source of TyrH is from
pheochromocytoma (PC12) cells, a cell line derived
from a rat adrenal medullary tumor. Up to 10% of
total cellular protein can be TyrH in these cells.1®?
Even though enzyme from this source has not domi-
nated work in TyrH as rat liver PAH has, many
important advances have used this source of protein.

Given that TyrH and TrpH catalyze the rate-
limiting steps in neurotransmitter biosyntheses, and
therefore affect the normal functioning of brain, a
number of investigators have expected linkages
between these enzymes and psychological disor-
ders.’® Parkinson’s disease is particularly associated
with the degeneration of the dopaminergic nigros-
triatial pathway,*** and presumably TyrH capacity.
The primary treatment of Parkinson’s disease is by
L-Dopa replacement therapy.1°®

On the basis of pharmacological observations of
MPTP-treated animals, a role for TyrH function in
inherited affective disorders or schizophrenia has
been postulated. Microsatellite analyses have led to
some positive correlations of TyrH markers with
manic-depressive illnesst®1%7 and schizophrenia.l%

Kappock and Caradonna

To date, linkage analyses of affected pedigrees have
failed to detect a correlation of TyrH markers with
manic-depressive illness, schizophrenia, autism, or
Gilles de la Tourette’'s syndrome.'997292 This is
perhaps unsurprising, given the complicated and
perhaps multifactorial origins of these disorders. A
strong linkage with hereditary progressive dystonia
(Segawa’s disease, L-Dopa responsive dystonia) has
been established for GTP cyclohydrolase | defi-
ciency?®® and very recently with a point mutation in
the TyrH catalytic core (Q381K).%® Since GTP cyclo-
hydrolase is the first step in the biosynthesis of BH,,
both of these linkages may reflect a linkage of the
syndrome with TyrH deficiency. Interestingly, Se-
gawa’s disease patients treated with L-Dopa suffer
few of the side effects associated with replacement
therapy in Parkinson’s disease, and the efficacy of
L-Dopa therapy does not diminish over time.1%

Several attempts have been made to abrogate TyrH
in laboratory animal strains. The most recent at-
tempts show that TyrH is required for viability. In
the first system, 90% of homozygous knockout mice
died in utero unless the pregnant females were
treated with L-Dopa. Death was attributed to car-
diovascular dysfunction. The newborn animals did
not survive unless this treatment was continued.?%

A second strain of TyrH-knockout mice was devel-
oped, in which exons 7 and 8 are disrupted. Most
animals homozygous for the knockout allele fail to
breathe after birth, but some remain alive for another
day. The viable homozygous mutant mice show a
marked brachycardia, which may cause death of the
animal, but no gross alterations in their major
organs. Animals heterozygous for the mutant allele
showed an appreciable diminishment in catechola-
mine levels. Homozygous animals contained nearly
no noradrenaline or adrenaline, and ~23% of the
dopamine present in the heads of normal controls.
Introduction of a human TyrH transgene rescued the
phenotype.2%

Comparable results are obtained with the Droso-
phila mutant pale, a null allele of TyrH which is
associated with catecholamine deficiency and causes
larval death.'”®

2. Molecular Structure, Isoforms, and Expression

Various purification schemes for TyrH are em-
ployed, most of which employ an affinity column:
3-iodo-L-tyrosine-linked Sepharose*® or heparin-
Sepharose.'”® The affinity of the regulatory domain
of TyrH for polyanions like heparin is a unique
feature of this enzyme and may have some bearing
on the physiological activation of TyrH by anions
(section 11.B.3.4).4” Reported subunit weights of the
purified enzyme cluster around 59 kDa, and the
enzyme is generally isolated as a homotetramer.2%
Isolation of rat adrenal tyrosine hydroxylase and
characterization of its reaction indicated that it
shared PAH's absolute requirements for iron, molec-
ular oxygen, and a reduced pterin cofactor.*® Assays
include the tritium-release method,?® colorimetric
determination of catechols,*® coupled L-Dopa decar-
boxylation using L-[1-1*C]Tyr,207208 and direct detec-
tion of L-Dopa on HPLC using fluorescence?°%:21° or
electrochemical detection.?''~213 Rat brain TyrH ex-
ists in either a soluble or particulate form, with the
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pre-mRNA 4 ~2 kb >
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Figure 9. Human TyrH isoforms.

latter form predominant in the synaptosome fraction
from catecholamine nerve terminals in midbrain and
striatum. In the remainder of the midbrain, where
catecholamine cell bodies are abundant, the soluble
form is more common.?4

TyrH is expressed from a single-copy gene, which
is spread across 8.5 kb in 13 exons on human
chromosome 11p15 (Figure 4).2'5 In rat,?'® mouse,?'’
and bovine TyrH?8 this gene encodes a single mRNA;
in macaque, gorilla, and marmoset two mRNAs (TH1
and TH2) are formed from a single primary tran-
script;?1%220 in humans four mRNAs arising from
alternate splicing events are known (hTH1-
hTH4).2217223 (Although tyrosine hydroxylase is re-
ferred to as “TyrH” throughout this review, in order
to better distinguish it from TrpH, “TH1” etc. is used
for the TyrH isoforms in keeping with the literature
on this subject.) This occurs as a result of (1)
competition between two 3' splice sites in exon 1, and
(2) insertion of another exon (1') between exons 1 and
2 (Figure 9).22° hTH1 has the greatest similarity to
non-primate TyrH, and can be aligned to rat TyrH
with only a single gap, of one amino acid.???

While the overall TyrH activity is lower, the specific
activity of TyrH protein appears to be increased in
Parkinsonian brain, perhaps in compensation for the
damage to the nigrostriatal pathway.?>* The obser-
vation of multiple isoforms of TyrH has inspired
several groups to determine whether there is any
tissue specificity for each isoform. By using S1
nuclease protection experiments, mMRNAs encoding
hTH1 and hTH2 but not hTH3 were located in
human dopaminergic substantia nigra and noradr-
energic locus coeruleus;??? all four isoforms were
detected in human pheochromocytoma or adrenal
medulla with hTH1 and hTH2 the most abun-
dant.??2225 Using RT-PCR, all four isoforms can be
detected in human adrenal medulla and brain,
although mRNAs encoding hTH3 and hTH4 are
about an order of magnitude less abundant.??® These
observations have been confirmed by using isoform-
specific antibodies to map the TyrH proteins in the
adrenal medulla??” and central nervous system.??8
Lewis et al. found that the catecholaminergic neurons
of human substantia nigra and locus coeruleus
contain all four isoforms of TyrH, with hTH1 and
hTH2 predominant. In the caudate nucleus and
putamen, all four isoforms are detectable but hTH1
predominates, particularly in the axons and dopa-
minergic nigrostriatal projections. hTH1 is the only
detectable form of TyrH in portions of the tegmen-
tum, including the rostral linear nucleus. Using
dual-label colocalization analysis, the authors deter-
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mined that any neuron containing hTH2, hTHS3, or
hTH4 also contained hTH1.228

The correct tissue specificity of human TyrH ex-
pression can be generated in transgenic mice by
microinjection of an 11 kb sequence, containing 2.5
kb of 5' sequence, the entire exon/intron region, and
0.5 kb of 3" sequence. Primer extension detected both
hTH1 and hTH2 transcripts in all regions of the brain
examined, indicating that competition for the alter-
nate 3’ splice site of exon 1 occurs in these mice. Mice
normally produce a single isoform of TyrH?'" so it
appears that the DNA sequence injected is sufficient
to generate the observed human molecular hetero-
geneity. Despite a 50-fold increase in TyrH mRNA
levels compared to untransformed controls, only a
3.4-fold increase in TyrH activity was observed, and
there was a surprisingly small change in catechola-
mine content (~9% increase).??® Using a modified
HSV vector bearing the hTH2 sequence, During et
al. obtained persistent striatal TyrH expression in
Parkinsonian rats, correlated with biochemical and
behavioral recovery. The number of immunoreactive
cells (mostly striatal cells) varied between animals
but did not seem to correlate with the degree of
behavioral recovery. While extracellular dopamine
levels were elevated only 20%, the apparent TyrH
activity was 60% higher in treated rats.?3°

Tissue-specific expression of TyrH in rat adrenal
medulla chromaffin cells was examined using a CAT-
reporter construct in PC8b cells (a subclone of the
PC12 pheochromocytoma cell line). Cell-specific
activation requires a sequence between —212 and
—187 (relative to the start site) that contains an AP-1
recognition site. Without this sequence, CAT levels
drop 90%.1%° This site, TGATTCA, differs from the
AP-1 consensus sequence by a single nucleotide (the
central C is a T). By using the gel mobility shift
assay, specific binding of nuclear extracts from PC12
cells treated with the PKC-activating phorbol ester
TPA to this sequence was demonstrated. This path-
way may mediate the trans-synaptic induction of
TyrH, which can be studied using the tranquilizer/
vesicle storage inhibitor reserpine. In adrenal me-
dulla cells, TyrH and c-fos mMRNA appear in tandem
following reserpine treatment, and a protein—DNA
complex is detected by gel-shift assays. These results
are consistent with regulation of TyrH expression by
the AP-1site.?®1 Many other studies of tissue-specific
expression and transcriptional activation have ap-
peared, a subject outside the primary focus of this
review.

At the molecular level, heterogeneity has been a
particular problem in the study of TyrH. Even in the
case of rat PC12 TyrH, which is generated from a
single mMRNA species, there are varying levels of
phosphate and multiple phosphorylation sites.?%7.232.233
Phosphorylation at various sites may have important
regulatory roles®®* and is the subject of section
11.B.3.2. The alternate splicing events that occur in
primate TyrH result in changes of kinase specificity
of the N-terminus of TyrH,?*® further complicating
analysis of enzyme obtained from those sources. In
either case, studies of TyrH phosphorylation per-
formed prior to the recognition of multiple phos-
phorylation sites require careful reconsideration, as
a result of this heterogeneity.
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Table 5. TyrH Kinetic Parameters

Kappock and Caradonna

Source phos? Km1yr (uM)P Km,gH, (M) KmempH, (M)  spec act (U mg™)¢ pH optimum
human TH1 no 37 (BH,) 95 1.3 7.0
yes 52 (50 uM tyr) 1.2
human TH22%% no 17 (BH.,) 73 0.62 7.0
yes 48 (50 uM tyr) 0.62
full-length rat TyrH?+3 no 11 (100 uM BH4) 60 (pH 6.0) 1.0 (pH 6.0) 6.3-7.0
50 (pH 7.2) 0.9 (pH 7.2)
yes 40 (pH 6.0) 0.9 (pH 6.0) 7.5
20 (pH 7.2) 1.0 (pH 7.2)
full-length rat TyrH*4 no 9 (BHy) 17 (35 uM tyr) 41 (100 uM tyr) 1.8 (BH.) 7 (br)e
41 (6MPH,) 3.6 (BMPH.,)
yes 8 (20 uM tyr) 2.0 (BH,)
C-term. domain rat TyrH®!  n/a’ 8.1 (BH,) 7@5uMtyr) 21 (100 uM tyr) 3.9 (6MPHy,)
25 (6MPH,)

a Phosphorylated by cAMP-dependent protein kinase (PKA). P Unless indicated, at 0.5 mM tetrahydropterin. ¢ One unit = 1
umol 3,4-dihydroxyphenylalanine formed per min. Human TyrH determined at 0.2 mM BH,. For rat TyrH, Wang et al. use 0.1
mM BH,; Daubner et al. use 0.5 BH, or 6MPH,. 9 Reported in ref 251. ¢ Determined for baculovirus-expressed enzyme by the
same group.?*> f This construct lacks the amino-terminal phosphorylation sites and is not a substrate for cAMP-dependent protein

kinase.

Recombinant sources of TyrH appear to afford the
best chance of improving knowledge of that enzyme,
which lags behind what is known about PAH. Any
one of the human isoforms may be heterologously
expressed in eukaryotic cells,?36723% put in order to
start with phosphate-free enzyme, E. coli expression
appears to be preferred.?3240241 This is also the case
for the single allelic form of the heavily studied rat
PC12 TyrH,?*?-24 which is known to be partially
phosphorylated by heterologous expression in bacu-
lovirus.244245

Rat PC12 TyrH, as was alluded to above, has been
the most important source of this enzyme. This
source of TyrH is purified from a catecholamine-rich
tissue, and in some situations appears to copurify
with a catecholamine, yielding a blue-green color
from the Fe3"—catechol complex.1%4246 This appears
to be due to breakage of the catecholamine-containing
secretory vesicles during tissue disruption. Others
have observed colorless enzyme,?*® indicating that
there is no iron-bound catecholamine, which can be
easily understood if the TyrH-bound iron remains
Fe?* or if the enzyme’s iron content is low. Since this
feedback mode of regulation may be physiologically
significant, it is discussed in section 11.B.3.5.

The first recombinant sources of PC12 TyrH were
expressed in eukaryotic cells, which allowed a dem-
onstration that characteristic inhibitors lowered TyrH
activity in cell homogenates,?3¢ determination of some
kinetic constants,?*? and purification of highly active
recombinant enzyme.?*® Fitzpatrick has carefully
characterized the homogeneous TyrH from this source,
which has resulted in the determination of its steady-
state kinetic mechanism.®4247 Several reports of
overexpression of active, soluble TyrH in E. coli have
appeared?#3244.248 gnd all are in harmony as to the
general characteristics of the recombinant enzyme
(Table 5). No profound changes in kinetic charac-
teristics appear to result from phosphorylation (sec-
tion 11.B.3.2), which was unexpected from the older
literature on this subject.524°

Separate expression of each of the human TyrH
isoforms in COS cells?*® or Xenopus oocytes?3 showed
differences in the crude lysate TyrH activities, with
hTH1 the most active and the other three isoforms
ranging from 26 to 59% as active. Presumably
phosphate-free?** enzyme was purified from E. coli

expression of each isoform, confirming that there are
functional differences among the isoforms,235240.241
TyrH is often assayed in the presence of added Fe?",
because the activity is higher when iron is added.?%°
In support of the idea that the enzyme appears to
lose this required metal cofactor easily, purified
recombinant TyrH is nearly iron-free, when ex-
pressed either in E. coli?*! or baculovirus.?*®

Haavik and co-workers investigated the metal
affinity of E. coli-expressed isoforms hTH1, hTH2,
and hTH4, using %°Fe?" and %Zn?".24* For both
metals, the Ky at pH 6.5 is about four times higher
for hTH2 than for hTH1 and hTH4 (about 1 uM for
Fe?", 0.3 uM for Zn?* with ~1 binding site subunit™).
The Vmax for hTH2 is about half that of either hTH1
or hTH4 (with added Fe?* at pH 6.0 and 30 °C, using
6MPH, as cofactor). The basal activity, which prob-
ably arises from the 4—10% residual iron, was about
the same for all three (0.013 U mg™?), yielding a ratio
of plus Fe/minus Fe activity of 31 for nTH1/hTH4 and
13 for hTH2.241 The same 2-fold difference in Vmax
was observed in a comparison of hTH1 and hTH2
using BH, as cofactor.?3®

In contrast, Nasrin et al. report that the addition
of Fe?" to assay mixtures does not increase the
activity of purified recombinant isoforms hTH1—4.
The authors do not report the iron content of their
purified enzyme, stating instead that the 0.1 mM
Fe(NH,)4(SO,), added to the bacterial growth me-
dium should be adequate to load the enzyme with
iron.?*® The validity of this assumption may be called
into question by their reported velocities, determined
without added Fe?*, which are 10—30 times lower (at
pH 7.0 and 37 °C) than iron-treated recombinant
hTH1235241 or recombinant rat PC12 enzyme.?4:245
With this caveat, the authors found Kmapp ~ 8 uM
for L-Tyr (1 mM BH,4) and 0.1 mM for 6MPH, (200
uM L-Tyr) for all four isoforms. ((6R)-BH,4, but not
6MPH, or (6S)-BH,, is observed to give biphasic
Lineweaver—Burk plots with TyrH in their labora-
tory.?*%) In summary, for the two most prevalent
human isoforms of TyrH, hTH1 and hTH2, it appears
there may be a 2-fold difference in intrinsic catalytic
activity (Table 5). This is somewhat surprising, given
the location of this four amino acid insertion outside
the catalytic core conserved among the pterin-
dependent hydroxylases.?5?
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Recently a study of the thermal denaturation of
TyrH was reported, in which the denaturation of
TyrH was examined using CD; the PC12 enzyme did
not give clear or reversible melting transitions.
However, the progress of the melting at 55 °C and
pH 6.2 was biphasic. In the first transition, little of
the enzyme activity was lost. At longer times, loss
of the CD signal was correlated with appreciable
inactivation. Only the second transition was ob-
served at pH 7.2, and it had a half-life twice as long
(64 min), indicating a gain in stability. Additional
stability was also noted with the unphosphorylated
form of the enzyme (section 11.B.3.2) and at lower
phosphate buffer concentrations.?53

The catalytic core of TyrH can be separated from
the N-terminus by limited trypsin proteolysis, yield-
ing a more active, 34 kDa C-terminal fragment.254-2%°
In addition, once the genes for each of the hydroxy-
lases were found, it became clear that the trypsin site
(at position 158)2%° fell near the start of the region of
highest homology among the enzymes.?*? Introduc-
ing the appropriate alterations in their prokaryotic
expression system, Daubner and co-workers sepa-
rately expressed the N-terminal regulatory domain
(158 amino acids) and the C-terminal catalytic do-
main (343 amino acids, lacking the first 155) of TyrH.
As expected, the N-terminal domain could be purified
by virtue of its affinity for heparin-Sepharose and
was completely inactive. It was phosphorylated at
the same rate, and to nearly the same extent, as full-
length protein. The purified C-terminal, catalytic
domain forms a tetramer (161 kDa), unlike the
monomeric calpain-treated TyrH?° or dimeric chy-
motrypsin-treated PAH,”” and had high specific
activity (2.04 U mgt, comparable to 1.43 U mg™* for
the full-length protein). As Table 5 shows, the
C-terminal domain has slightly more favorable ki-
netic parameters than the full-length protein, show-
ing that nothing essential for TyrH folding or cataly-
sis is present in the first 155 amino acids of its
sequence.?%?

Tryptic digestion of this catalytic construct caused
the loss of 5 N-terminal amino acids (corresponding
to a removal of TyrH amino acids 1—160), and 20
C-terminal residues, converting the tetramer of 39.2
kDa subunits to a 37 kDa monomer. This monomer
has slightly smaller K, values for its substrates and
retains a quarter of the catalytic domain’s activity.?6*
The C-terminal deletion removes a “leucine zipper”
sequence that is found in all of the pterin-dependent
hydroxylases,?%? which the authors concluded is
required for the formation of tetrameric TyrH.261

In another study, removal of the first 175 or 200
amino acids yields an inactive protein. N-terminal
deletion of up to 165 amino acids yielded TyrH of
equal or even higher activity (85—150% relative to
full-length). C-terminal deletion of 19 amino acids
from the full-length TyrH (CA19) causes a 70%
decrease in activity,?*® in good agreement with the
previously discussed result of C-terminus removal
from the isolated catalytic domain. The mutant
L480A, which interrupts this leucine heptad repeat,
seems to cause a ~20% decrease in homogenate TyrH
activity. Both the L480A and CA19 forms appear to
give rise to multiple lower molecular weight species
of TyrH, especially dimers, as determined by Western-
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blot detection of nondenaturing gels or activity-
detected gel filtration of homogenates.?53

Further mapping of functional regions of TyrH by
genetic manipulations has allowed a reexamination
of the conclusions of biochemical mapping studies of
TyrH and PAH. On the basis of the observation that
a photoaffinity label resembling the tetrahydropterin
cofactor for PAH identified Lys194 (and Lys198) as
being near to or part of this binding site,?® the
analogous Lys241 in the catalytic core of TyrH was
changed to Ala. None of the kinetic constants were
altered, showing that this residue is probably not
involved in TyrH pterin binding.®” From limited
trypsin digestions,?%82%° a region of the N-terminal
regulatory domain was associated with the ability to
bind heparin, which is exploited in the standard
heparin-Sepharose affinity purification of TyrH. N-
terminal deletions of 32 or 68 residues bind heparin,
proteins lacking the first 88 or 128 amino acids do
not bind heparin, and a deletion of 76 residues gives
an intermediate result. For the heparin-binding
proteins, little change in kinetic parameters is ob-
served. In addition, the constructs that do not bind
heparin appeared to have a reduced solubility that
requires reduced-temperature induction in E. coli.?%*

3. Regulation

TyrH is regulated in neural tissues at several
levels, which in broad terms can be grouped into
acute regulation and long-term regulation.?®> Long-
term regulation will not be considered in this review,
but it may underlie some of the more interesting
physiological and psychological issues in the study
of brain TyrH. This includes the induction of TyrH
expression during development, which is especially
interesting because the TyrH is expressed in sym-
pathetically innervated tissues derived from both
neural tube and neural crest.?5¢

Acute regulation of the properties of TyrH activity
occurs as the result of neural activity, which might
include “direct” as well as second messenger-medi-
ated responses.?** The most intensely studied of
these modes of regulation has been phosphoryla-
tion,5257 which has grown into a rich subfield of its
own. An overview of this area is presented, placing
special emphasis on characteristic in situ observa-
tions and the newest results with recombinant TyrH.
Some of this recent evidence indicates that the
stimulatory effects of at least one kind of TyrH
phosphorylation may rely upon the diminishment of
product feedback inhibition.

3.1. Neural Activity and Its Immediate Ef-
fects. Stimulation of catecholamine biosynthesis
from radiolabeled L-Tyr (but not L-Dopa) following
electrical stimulation was first demonstrated in the
sympathetic nerves of vas deferens and heart.26826%
A direct connection between TyrH activity and neural
activity came from a study by Morgenroth et al. in
which the electrical stimulation of sympathetic neu-
rons in guinea pig vas deferens caused a stable
increase in TyrH activity. Ca?" was absolutely
required for the electrical stimulation effect, which
could be replicated in situ by the addition of 10 uM
Ca?* to unstimulated tissue.?’ These authors also
noted that depolarization by K* could enhance the
activity of TyrH in cells, an observation that has since
been repeated in other TyrH-containing tissues.?3
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In addition, several types of non-catecholamine
transmitters have been shown to cause upregulation
of catecholamine formation in situ; apparently, all
four well-known second-messenger systems (CAMP,
Ca?*, diacylglycerol, and cGMP) are partly involved
in this process.?** A common thread that can be
extracted from this controversial area is that most
or all of the acute regulatory effects are likely to be
mediated by covalent modification of existing TyrH
protein.?*® This is generally taken to mean phospho-
rylation, since enhancement of TyrH activity by
calpain?’ or other proteases is not known to have a
physiological role. In a like manner, the noncovalent
interactions of TyrH with phospholipids?”* and poly-
anions*” have in vitro stimulatory effects not known
to be exploited in vivo.?*°

3.2. Phosphorylation. 3.2.1. Second-Messen-
ger-Mediated, Site-Specific Phosphorylation.
Stimulation of TyrH activity analogous to that ob-
tained with electrical stimulation was observed fol-
lowing treatment with cAMP, leading to speculation
that increased TyrH phosphorylation could be the
source of activation.?’? Phosphorylation in situ was
demonstrated by [*?P]phosphate incorporation into
the TyrH of cultured superior cervical ganglia
cells.?3274  The phosphorylation of homogeneous
PC12 TyrH by cAMP-PK was concomitant with
activation mediated by an apparent conversion to a
lower Kmempra form of the enzyme.?’> An integrated
study showed coordinated phosphate incorporation,
catecholamine production, and TyrH stimulation
following treatment of chromaffin cells with 8-bromo-
cAMP and [*?P]phosphate.??®

At about the same time it was recognized that at
least two phosphorylation sites were present on TyrH
isolated from [*2P]phosphate-containing cultures of
bovine chromaffin cells, either untreated or treated
with either 8-bromo-cAMP or ACh (the natural
secretagogue). The relative amount of two tryptic
phosphopeptides separable on 2D gels was different
in treated cells, with 8-bromo-cAMP increasing the
amount of only one phosphopeptide and ACh increas-
ing both. Addition of the calcium antagonists EGTA
or MnCl;, to ACh-treated cells decreases [*?P]phos-
phate incorporation into both phosphopeptides to a
similar extent.?3® Detailed mapping of the phosphop-
rotein sequences, in comparison with cDNA se-
quences, showed that there were four phosphoryla-
tion sites present in pheochromocytoma/PC12
TyrH: Ser8, Serl19, Ser31, and Ser40.282277.2718 A
secondary in vitro cAMP-PK phosphorylation site at
Ser153 in rat PC12 cells?3 is not observed in situ,?’
nor is the kinase recognition site conserved among
other TyrH sequences, as are the four N-terminal
kinase sites.?’®

Ser40 is a canonical cAMP-PK phosphorylation site
and is phosphorylated in vitro by cAMP-PK,275:280.281
CaM-PK 11,%82283 ¢GMP-PK,?84 and Ca?*/phospho-
lipid-dependent PK (PKC).28528¢ CaM-PK primarily
phosphorylates Ser19.28> If the activation of the
enzyme in situ is mediated by phosphorylation, these
results can account for the correlation of increased
TyrH activity with increased TyrH phosphorylation
following treatment by cAMP, Ca?", or agents that
have analogous effects. Neither of the other two
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phosphorylation sites falls in a recognition site for a
“classical” protein kinase.

NGF and protein phosphatase inhibitors enhance
Ser8 phosphorylation. Even though phorbol esters
and NGF increase Ser31 phosphorylation, in vitro
this position is not a substrate for PKC.278287.288 An
endogenous proline-directed S/T protein kinase (E-
PK) copurifies with TyrH, from which it can be
separated by high-salt sucrose gradient centrifuga-
tion. E-PK phosphorylates Ser8 exclusively, recog-
nizing sequences that contain X-Ser/Thr-Pro-X. This
kinase is induced by NGF treatment of [*?P]phos-
phate-labeled PC12 suspensions.?’”” However, the
physiological importance of this system is not com-
pletely defined: E-PK levels are quite low in chro-
maffin cells and neurons and its phosphorylation of
Ser8 is not known to surpass 0.25 phosphate/TyrH
subunit. The E-PK site is also found at Ser31, which
is not a substrate for the kinase in intact TyrH
[although a peptide derived from this sequence is a
substrate (P. R. Vulliet, result quoted in ref 278)],
indicating that other, unrecognized kinase-specificity
determinants may exist. The kinases responsible for
PC12 TyrH Ser31 phosphorylation in situ appear to
be ERK1 and ERK2, which do not phosphorylate any
of the other N-terminal serines.?%

Most of the preceding information was determined
using bovine or rat adrenal TyrH, neither of which
has the isoform complexity of human TyrH. TyrH
from human tissues is known to be phosphorylated
by cAMP-PK Il and CaM-PK, although whether or
not this correlates with enzyme activation in crude
lysates is uncertain.2%0:2%1

The insertion of four amino acids between Met30
and Ser3l in hTH2 (and hTH4) introduces a new
recognition site for CaM-PK.??2 Using homogeneous,
E. coli-expressed sources of these isoforms, Le Bour-
dellés et al. demonstrated one cAMP-PK phosphory-
lation site per subunit for both hTH1 and hTH2, each
of which yielded a peptide containing phosphorylated
Ser40. [The insertion of amino acids does not change
the numbering of the sequences common to all four
isoforms (i.e., Ser44 in hTH2 is called Ser40 for
consistency’s sake).] About twice as much [3?P]-
phosphate was incorporated into hTH2 as hTH1 by
CaM-PK 11, consistent with phosphopeptide se-
guences, indicating phosphorylation at Ser19 in
addition to Ser31 and Ser40.2%

Even though it seems quite likely, it would be
intriguing to know if human hTH1 is also a substrate
for ERK1/ERK2. If this is the case, and if ERK1/
ERK2 no longer recognize Ser31 in hTH2, it would
imply that the small insertion in hTH2 causes a
switch in kinase specificity. In PC12 cell cultures,
ERK activity (measured with the known ERK sub-
strate myelin basic protein?®?) and the ERK-depend-
ent phosphorylation of Ser31 is activated by NGF,
bradykinin, and various other treatments. In Swiss
3T3 cells, a fibroblast-derived cell line, EGF stimu-
lated ERK activity. Purified ERK1 phosphorylated
only Ser31, up to 0.5—-0.6 [*?P]phosphate subunit™?,
but caused only a modest increase in the activity of
purified TyrH.28

The multiple-site phosphorylation of TyrH by CaM-

PK Il has also been studied extensively. An unusual
observation was that the kinetic activation of TyrH
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following CaM-PK Il treatment depends upon the
presence of an “activator protein” present in micro-
molar concentrations in nerve cells.?82298  Activator
protein is not required for TyrH phosphorylation, nor
does it have any effect on the activation of TyrH by
cAMP-PK phosphorylation.?®* Interestingly, the same
effects are observed with CaM-PK Il-dependent
phosphorylation of TrpH.?%

Homogeneous activator protein is a member of the
14-3-3 class of brain proteins, and consists of a
mixture of homologous subunits; the cloned # subunit
is able to stimulate the activity of phosphorylated
TrpH.??® The mechanism for activation is unknown,
but may involve direct complexation of phosphory-
lated TyrH by activator protein.?¢”

Evidence has accumulated that the activating
effects of TyrH phosphorylation are fully expressed
in the absence of activator protein, which tends to
discount the requirement for activator protein in
TyrH function. The authors’ suggestion is that
activator protein may function as a means for pre-
venting dephosphorylation of TyrH.2%"

In summary, the multiple-site phosphorylation of
TyrH, which itself may be present in multiple iso-
forms, has become a quite complex issue. Little is
known about the functional effects of phosphorylation
at a single site in a single isoform, which makes it
imprudent to generalize too extensively about the role
of TyrH phosphorylation. One exception to this is
phosphorylation of Ser40 in the monoallelic rat TyrH
enzymes from brain and adrenal medulla. We turn
now to this ostensibly simpler issue.

3.2.2. Phosphorylation at Ser40. Linkage in
vitro of increased phosphorylation with perturbations
in the Kkinetic behavior of TyrH has been easiest for
cAMP-PK phosphorylation, which only phosphory-
lates one site in rat, bovine, and human TyrH. The
activating effect of exposure of tissues or lysates to
“cAMP-dependent phosphorylating conditions” (CAMP,
theophylline, MgCl,, ATP, EGTA, and NaF)?%2% gor
purified preparations to continuous cAMP-PK activ-
ity,?% is generally thought to be due to primarily a
lowering of TyrH's K., for BH; (or 6MPHy,).5267.300
Some confusion over this issue may have to do with
the pH of TyrH assay conditions,>2*° which can cause
large changes in Kn, and Vnqax values between neu-
trality and pH 6.0,%%* the optimum originally reported
for TyrH.2 Assays at neutral pH and using BH, are
now standard for determining the effects of CAMP-
PK phosphorylation, and the likely physiological
effects of Ser40 phosphorylation have been recognized
to be less dramatic than was reported in the older
literature.

Another puzzle with TyrH phosphorylation con-
cerns the different results obtained with Ser40 phos-
phorylation by PKC and cAMP-PK. No apparent
activation of TyrH followed PKC-dependent phos-
phorylation of this residue, 27928 in contrast to the
effects of cAMP-dependent phosphorylation discussed
above. Both CaM-PK Il and PKC phosphorylated
Ser40 to the extent of 0.43 [®?P]phosphate subunit™?,
while cAMP-PK phosphorylation reached 0.78 [*2P]-
phosphate subunit™1.3°2 The primary CaM-PK I
phosphorylation site at Serl9 reached 0.76 [*?P]-
phosphate subunit™ in the same experiment. Even
though the phosphate content of purified rat PC12
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TyrH was observed to increase, only cAMP-PK ad-
dition was able to stimulate activity. The authors
suggest that activation may depend upon phosphor-
ylation, on average, of more than two subunits per
tetramer. However, they obtain a linear relationship
(in a narrow range best defined at 0.5 + 0.1 phos-
phate per subunit) between cAMP-PK phosphoryla-
tion and enzyme activation, which rules out all-or-
nothing mechanisms, i.e. that increased TyrH activity
absolutely depends upon phosphorylation at a third
or fourth site per tetramer. The linear relationship
implies that activation by phosphorylation is direct
and not cooperative. Paradoxically, the authors
regard this linear relationship as evidence supporting
cooperative interactions among all subunits undergo-
ing cAMP-PK-dependent phosphorylation.3%?

Good evidence for a cooperative dependence of
TyrH activity on phosphate content was obtained as
part of the study of phosphatase activity, showing the
steepest activity increase between 0.5 and 0.75
phosphate subunit=1.3%¢ The lability of TyrH-bound
phosphate in cell extracts is readily demonstrated
and is the subject of the following section. Many
groups assay the effect of phosphorylation under
continuous exposure to phosphorylating conditions,
even in purified protein samples. Exposure of mini-
mally purified bovine striatal TyrH to increasing
amounts of protein kinase under phosphorylating
conditions yields a hyperbolic response of TyrH
activity vs cAMP-PK units per mg of TyrH.2®® One
might expect that if there is a direct interaction
between cAMP-PK and TyrH, some of the effects
mentioned in the previous paragraph might be
rationalized.

As was mentioned above, the most prominent
kinetic effect of phosphorylation is a lowering of the
Km value of BH, in homogenates. The origins of this
effect were probed using a series of synthetic tet-
rahydropterins differing in structure at the 6-position
as cofactors for minimally purified bovine striatal
TyrH.2%® A large increase in Vmax/Km following phos-
phorylation was seen for all of the cofactors exam-
ined, ranging from 1700-fold ((6R)-BH4) and 2000-
fold (6-ethyl-PH,) to 50-fold (6MPH,), which bracketed
increases with 6-hydroxymethyl-, 6-methoxymethyl-,
6-phenyl-, and 6-cyclohexyl-PH,4. With 6,6-disubsti-
tuted tetrahydropterins, the range was ~290 to 35
(6-benzyl-6-methyl-PH, and 6,6-dimethyl-PH,, re-
spectively). This effect was predominantly on Kp,
which was >0.3 mM for all cofactors with unphos-
phorylated enzyme, and ranged from 0.8 to 14 uM
(6-cyclohexyl-PH,4 and 6-benzyl-6-methyl-PH,, respec-
tively) for phosphorylated TyrH. Vnax effects were
inconsistent among the compounds, showing in-
creases as well as decreases.?”® (Unlike PAH, only
7-substituted pterins have so far been shown to give
uncoupled turnover with TyrH.*9)

In addition, the presence of at least one side-chain
hydroxyl group was required (with either unphos-
phorylated or phosphorylated TyrH) in order to
observe substrate inhibition caused by >80 uM L-Tyr.
The authors conclude that the evidence indicates
phosphorylation does not simply cause the removal
of an obstructing group from the active site, but has
a positive effect on the specificity of the PAH-cofactor
interaction. Both the hydrophobic backbone and
hydroxyl groups are recognized in the phosphoryla-
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tion-induced rearrangement of the pterin binding
pocket.2%?

The availability of cloned sources of various TyrH
has began to resolve some of the confusion regarding
TyrH phosphorylation. When expressed in eukary-
otic cells, TyrH is at least partially phosphorylated.>*®
Replacement of Ser40 with Tyr or Leu converted rat
TyrH expressed in AtT-20 (pituitary tumor) cells to
a fully active form unaffected by the addition of
cAMP/ATP/cAMP-PK to TyrH-containing cell homo-
genates. In addition, at pH 7.2 in homogenates the
Leu mutant has a 10-fold higher Vmax than wild-type
and a 7-fold smaller Ky, smpra.2*?

As is shown in Table 5, purified recombinant
proteins show no changes in kinetic constants suf-
ficient to account for a large phosphate-dependent
activation. The activation appears to be limited to a
halving of the K, for tetrahydropterin in rat PC12
TyrH?43244 or two isoforms of human TyrH.*5 In the
same investigators’ hands, 10—12-fold activation
could be demonstrated following phosphorylation of
crude bovine adrenal TyrH.?** This is not an indica-
tion that there is some kind of difference between the
native and recombinant source of TyrH, but is
consistent with removal of an inhibitory entity,
perhaps a catecholamine, during purification (section
11.B.3.5).

A S40A mutant studied in highly purified protein
shows no changes in the kinetic constants, except for
a small but significant lowering of the K, values for
BH, and 6MPH,4.2** This initially surprising obser-
vation indicates that phosphorylation removes an
inhibitory interaction due wholly or in part to Ser40
itself, a small addition to the standard model of TyrH
activation by phosphorylation: release of N-terminal
inhibition of the active site, caused by the introduc-
tion of a favorable phosphoserine interaction else-
where.20°

Replacement of Ser8, Ser19, and Ser31 with the
unphosphorylatable Leu caused neither stimulation
or inhibition of AtT-20-expressed TyrH. The S31L
mutant could be partially stimulated in homogenates
by cAMP-PK treatment.?*> Phosphorylation at Ser40
is still the only phenomenon known to cause direct,
stimulatory effects on TyrH in vitro and in situ.?*

It might appear from the studies of highly purified
TyrH that the kinetic results are unable to explain
the large apparent stimulation by phosphorylation,
which would therefore not be the reason for the
manifold activation of TyrH in catecholamine-pro-
ducing cells. However, as will be discussed below,
the phosphorylation of Ser40 appears to affect the
ability of dopamine to inhibit TyrH.235244304-306 Thjs
phenomenon, combined with the enhancement of K,
and Vma, may be the key to the observed large
activation of TyrH by phosphorylation.3”

3.3. Dephosphorylation. While PAH can rely
on regulation by allosteric relaxation, this mechanism
is not available to TyrH. Short-term regulation of
TyrH would require that it be colocalized with a
phosphatase activity capable of rapidly dephosphor-
ylating the activated enzyme. Such a phosphatase
activity was demonstrated by gel filtration of cAMP-
and Mg?"-treated bovine adrenal medulla cytosol,
which removed ATP and cAMP. Within 15 min, only
20% of the starting [*’P]phosphate-labeled TyrH
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could be immunoprecipitated. Complete rephosphor-
ylation could be achieved following the addition of
ATP, cAMP, NaF, and theophylline in phosphate
buffer. Complete inhibition of the phosphatase was
achieved with 20 mM phosphate and 5 mM NaF.3%

The phosphatase activity present in rat caudate
nucleus could be fractionated into a Ca?"-independent
peak, and two minor peaks that are inhibited by
Ca?". The major fraction showed a large BHy-
stimulated increase in phosphatase Vmax (0.78 — 6.25
fmol min~—! mg~! upon going from 0 to 30 uM BHy,)
and a small increase in Ky, (0.05 — 0.08 nM). The
maximal effect was seen at 5—10 uM BH,4. Other
stimulatory pterins included 6MPH,, tetrahydro-D-
neopterin, and 5-methyltetrahydrofolate. GTP, the
metabolic precursor of BH,4, was a strong inhibitor
of TyrH phosphatase, with ATP, L-sepiapterin, and
7,8-dihydro-L-biopterin sequentially less effective
inhibitors.

The “cross-reactivity” of folate is quite unusual for
BHj-responsive systems and is construed by the
authors to indicate that activation is caused by a
tetrahydropterin—phosphatase interaction rather than
one with the hydroxylase.3®® The slight difference in
phosphatase activity found between samples diluted
to 1 and 10 uM BH, predicts that such a complex
should be quite stable. However, since the “on” rate
for appearance of the stimulatory effect is also slow
(<1% phosphatase activation per minute of a 10 uM
BH, incubation), there is a requirement for an
exceptionally small dissociation rate of such a com-
plex, assuming that BH,-phosphatase complex for-
mation directly causes activation. There is currently
no data to support these assertions.

Functional classification of the TyrH phosphatases
present in bovine adrenal cytosol and rabbit corpus
striatum indicated that type 2A and 2C phosphatas-
es310 comprise 90 and 10%, respectively, of the total
phosphatase activity. Similar results were obtained
using TyrH phosphorylated with either cAMP-PK or
CaM-PK I1. In contrast to the previous study, BH,
had no effect on the activity. Incubation of chroma-
ffin cells with 1 uM okadaic acid, a powerful inhibitor
of type 2A phosphatases, tripled the phosphate
content of TyrH, indicating the importance of de-
phosphorylation in situ.3!!

This effect of okadaic acid was confirmed in a study
of [*?P]phosphate-labeled rat striatal cells, in which
the amount of TyrH-associated phosphate doubled
following treatment (to ~0.5 [*?P]phosphate subunit™).
A similar increase in TyrH phosphate content was
observed by treatment of the synaptosomes
with dibutyryl-cAMP/3-isobutyl-1-methylxanthine
(db-cAMP/IBMX). The effects of db-cAMP/IBMX
could be partially blocked by the inclusion of 0.2 mM
BH, in the culture medium, resulting in 0.25 [*P]-
phosphate subunit™, about the same as untreated
cells. Sepiapterin was a weak phosphatase activator
if an inhibitor of sepiapterin reductase was also
included in the medium, blocking conversion to BH,.
The very high levels of BH, treatment required (half-
maximal effect at 0.1 mM) are rationalized in terms
of inefficient BH, uptake (~0.1%). In accord with
this idea, the low cellular [BH,4] was determined after
30 min incubations and found to have a linear
dependence on the applied [BH,].3!2
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Table 6. Iron—Catechol Formation Constants (log K) at 25 °C318

reaction Fe?t (u = 1.0)2 Fe3* (u=0.1)
Fe™ + 1 cat?>” = Fe(cat)¥+ 7.95 20.0
Fent + 2 cat> = Fe(cat),? /- 13.5 34.7
Fe™ + 3 cat?” = Fe""(cat)s* 3~ 43.8
Fen* + cat = Fe(cat)¥* + 2H* -14.3 (u=0.1) -2.2
—14.33 —1.36 (u = 1.0)%°

Fen + adrenaline = Fe"*(adrenaline)?+ + 2H"
Fe"™ + L-Dopa = Fe""(L-Dopa)’* + 2H"

@ u = ionic strength.

~1.16 (u = 1.0)3%°
—1.29 (u = 1.0)%1°

3.4. Other Activators. As was discussed above,
N-terminal trypsin proteolysis of TyrH at residue 158
(or the equivalent genetic manipulation) leads to
stimulation of activity.?>®313 The Ca?*-activated pro-
tease calpain (also present in bovine adrenal medulla)
cleaves bovine TyrH after Asp23 and Met30, causing
a 20% increase in activity and dissociation of the
tetramer. Like the combined genetic and tryptic
removal of much more N-terminal sequence and the
leucine zipper-containing C-terminus from rat TyrH,?5!
calpain-treated bovine TyrH is reported to be a
monomer by gel-filtration chromatography.?6® How-
ever, the more extensively modified TyrH has only
~30% activity of the full length protein.?44261 A
truncated rat TyrH lacking the final 19 amino acids
shows 25% activity, which suggests that the inactiva-
tion is due to the loss of some structural feature of
the C-terminus, possibly the leucine zipper.253

These results also imply that there is nothing
essential for catalysis present in the first 165 amino
acids,?*® which appears to exert a small negative
regulatory effect on K, for tetrahydropterins.?>* This
effect is insignificant compared to the dramatic
chymotryptic activation of PAH, consistent with the
allosteric behavior of the catabolic PAH.1%2 Regula-
tion of neither enzyme is known to include a physi-
ological role for any protease.3*

Activation by the mucopolysaccharide heparin was
first reported in TyrH preparations from dog hypo-
thalamus®'® and has a greater stimulatory effect on
the soluble form of rat brain TyrH than the mem-
brane-associated particulate form. In a study using
partially fractionated TyrH, the addition of heparin
to the soluble form of TyrH converted it to a form
with the same Kinetic parameters as the particulate
form, manifested as a 2-fold higher Vnax and a
reduced K, for DMPH,; (0.74 — 0.15 mM). In
addition, both the heparin-treated soluble and par-
ticulate forms have a lower susceptibility to dopa-
mine inhibition. This led the authors to suggest that
the similarities might have a common origin in
membrane-dependent activation of TyrH.?14

Binding of TyrH to heparin is useful as an affinity
step in the purification of TyrH3¢ and appears to be
due to specific interaction with the N-terminus.?!
Other charged activators of brain TyrH have been
identified: phosphatidyl-L-serine, polyacrylic acid,
polyvinyl sulfuric acid, poly-L-glutamic acid,*” and
phosphatidylinositol.3¢ The last compound was also
found to be an inhibitor of TyrH which gained
potency as the enzyme was more extensively purified,
attributed to loss of a “protective factor”, probably a
divalent cation.’’® Due to the lack of specificity
among the polyanions, these activating effects have
been attributed to electrostatic activation of TyrH.

In accord with this, the addition of monovalent salts
has a stimulatory effect on TyrH activity, and as
would be expected, interferes with heparin-TyrH
binding.*”

The amounts of salt necessary to observe increased
activity are far beyond what would be encountered
in situ, so there is probably no linkage of these results
with the stimulatory effect of increased [K*] following
nerve depolarization. Polyanion activation of TyrH
has been shown to be additive with cAMP-dependent
stimulation and to depend upon the presence of Ca?",
indicating that it is mediated, probably by CaM-PK
Il phosphorylation.3'”

3.5. Feedback Inhibition by Catecholamines.
From the earliest studies with TyrH, it has been
recognized that the catecholamine product of its
reaction is a potentially strong inhibitor of the
enzyme.>* Strong evidence for the participation of a
non-heme iron in the catalytic reaction is available,
from this and subsequent studies that demonstrate
an absolute requirement for iron and an acute
sensitivity to iron chelators. The active-site iron has
been presumed to be the binding site for catechols
and catecholamines, although in the latter case the
amino acid-like moiety may enhance the TyrH affin-
ity.

Although catechols bind iron tightly, the large
difference in catechol affinity between Fe?" and Fe3*
is not always appreciated. As is shown in Table 6,
the affinity of catechols for iron shows a pronounced
dependence on pH and the oxidation state of the iron
center, with both low pH and reduction to the ferrous
state decreasing the overall binding affinity of cat-
echol.14 If air is present under low pH conditions,
Fe3* can be reduced by catechol (which forms a
quinone) rather than directly coordinated. Since
catechol’s first pK, = 9.3,3 physiological conditions
will mostly reflect the chemistry of protonated cat-
echols. As long as the iron site in TyrH remains in
the Fe?" state, the iron’s affinity for catechol or
L-Dopa should be low (Table 6).

When purified from catecholamine-containing tis-
sues, the oxidized enzyme’s iron binds catechola-
mines, forming a colored (LMCT) complex. In a
purification of TyrH from bovine adrenal®* or rat
PC12 cells,®” Andersson et al. obtain a blue-green
enzyme (Amax = 700 nm, € = 3100 M™% cm™; Amax ~
400 nm, € ~ 2500 M~! cm™?) containing 0.55 Fe
subunit™t. Following acid treatment, 0.49 4- 0.09 and
0.10 £ 0.03 equivalents per subunit of dopamine and
noradrenaline were released from the pure en-
zyme.?%” These results are consistent with stoichio-
metric formation of a catechol-Fe3* adduct on TyrH,
such as is known for PAH and ferric catecholate
model complexes.'38
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Figure 10. The flavonoids apigenin and quercetin.

Fitzpatrick et al. report that TyrH prepared from
a recombinant source or from bovine adrenal TyrH
is colorless.?*> There are slight differences in the
mode of purification used by each group, the most
significant of which is used by Fitzpatrick et al. that
calls for 0.5 mM DTT during the heparin-Sepharose
purification step, suggesting that what iron remains
(~0.1 Fe subunit™) is probably ferrous.?*®

By reducing the endogenously catecholamine-
coordinated bovine adrenal TyrH with dithionite,
Haavik et al. demonstrated that the bulk of the
catechol-iron LMCT vanishes. This indicates that
the complex with catechol has been disrupted, or does
not give rise to a visible chromophore in the Fe?t
state.?*® In those cases where a chromophore is not
observed, either the iron content is low, or it is the
reduced ferrous state. In addition, the recombinant
enzyme will not encounter high concentrations of
catecholamines in the baculovirus cells. In either
case, TyrH in intact chromaffin cells may be seques-
tered from the highest concentrations of catechola-
mines in the secretory granules.

High-affinity, pH-dependent binding of catechola-
mines has been demonstrated with bovine and rat
adrenal TyrH. The majority of the binding strength
comes from the catechol moiety, with 4-methylcat-
echol and adrenaline having about the same affinity
(ICs0 = 4.1 and 1.8 uM, respectively, for recombinant
hTH1 at pH 7.0).30

The dissociation of the endogenous catecholamines
norepinephrine and adrenaline is favorable at low pH
and can be accomplished with an ammonium sulfate
precipitation at pH 4.4. The binding (at 4 °C) of [*H]-
noradrenaline to (presumably ferric) TyrH freed of
catecholamines in this way requires the deprotona-
tion of a group with pK, ~ 5.3. At pH 7.0 and 30 °C,
the dissociation rate of [*H]noradrenaline was 0.31
h~1 for unphosphorylated enzyme, 1.8 h~! following
treatment with cAMP-PK.320 This 6-fold increase
might have some physiological importance, as a
mechanism for dissociating the tightly bound cat-
echols from ferric TyrH. TyrH may be oxidized as a
side reaction of catalytic turnover, or by free perox-
ides (which are generated by pterins under aerobic
conditions).64

Other catechol-containing compounds bearing no
other obvious chemical resemblance to the L-Tyr
substrate can reversibly inhibit TyrH. The flavonoid
gquercetin was found to inhibit partially purified
bovine adrenal TyrH with K4 ~ 25 uM (determined
at pH 6.0, so this would presumably be tighter at
neutral pH) but the structurally similar apigenin did
not inhibit <100 uM, probably because it lacks an
o-catechol moiety (Figure 10).3%!

Note that both contain a m-catechol moiety as well,
which is apparently not inhibitory. In support of this,
a resonance Raman study of recombinant human
hTH1, employing several combinations of isotope-
enriched O and Fe, indicates that catechols are bound
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to iron by both vicinal oxygens. Fe—O stretches at
592 and 631 cm~* were assigned to the meta and para
oxygens, respectively, using [m,p-*O]dopamine, [m,p-
180]dopamine and [m-80,p-*O]dopamine. A band at
528 cm~! was affected by both isotopic substitutions,
so it has been assigned to a chelate mode. No isotopic
perturbations were detected as the result of replacing
54Fe with 5Fe (expected to be ~4 cm™! for a pure
Fe—O stretch).165

The rate of dopamine binding has been determined
for recombinant rat TyrH, by assaying aliquots from
an incubation at 1:1 TyrH:dopamine (pH 7.0, 30°).
The rate of loss of the initial TyrH activity was ~8000
M~1s71 24 which is comparable to the ~2500 M1 s™1
binding rate of various protonated catechols to Fe3*.31°

With the partially phosphorylated bovine adrenal
medulla TyrH, the inhibition due to norepinephrine,
dopamine, or methylcatechol is pH dependent, re-
quiring the deprotonation of a group having a pK, of
7.6. All three catechols were competitive inhibitors
vs 6MPH, and noncompetitive vs L-Tyr. Inhibition
by L-Dopa has only a mild pH dependence and was
noncompetitive vs both L-Tyr and 6MPH, below pH
7.5, competitive above. This difference for the TyrH
product L-Dopa is consistent with its dual chemical
identity, being both a catechol and a L-Tyr analogue;
one expects tight catechol binding to favor competi-
tive inhibition at high pH, which is observed.322:323

The physiological role of catechol binding is less
clear. There is evidence that the phosphorylated
form of TyrH is more labile than the unphosphory-
lated form.2%3:324 |n addition, catechols are competi-
tive with the tetrahydropterin cofactor.3?®> Reduced
pterins have been noted to inactivate TyrH by an
unknown mechanism.3?> Potentially, catechol inhibi-
tion could serve to block TyrH lability by either of
these mechanisms.

At saturating 6MPH, levels, the K, for dopamine
drops. At 0.1 mM 6MPHy,, the K, is 19 uM for wild-
type TyrH or 61 uM in a S40L mutant expressed in
AtT-20 cells. (The phosphate content of the wild-type
enzyme is not reported, so presumably the reported
K, is an upper limit.) The authors propose that the
leucine mutant leads to the expression of an “acti-
vated” enzyme (lower 6MPH, K, higher Vmax), which
is consistent with the observations of increased
homogenate velocity and reduced sensitivity to dopam-
ine.?4

The different observations of Wu et al. and Daub-
ner et al. about whether or not the kinetic param-
eters of TyrH change in response to phosphorylation
may be attributed to the state of purification. A
6-fold activity increase was seen in TyrH isolated by
a different procedure, involving a pH 6.5 ammonium
sulfate precipitation and HPLC isolation of fractions
with the highest specific enzyme activity (but un-
stated purity). It is not demonstrated that this
purification results in separation from endogenous
catecholamines that might be present in the pituitary
cell line. The activation caused by cAMP-PK-de-
pendent phosphorylation is similar in magnitude in
both homogenates and purified TyrH.?*?

Purification by Fitzpatrick’'s method results in
protein with low apparent catechol content.?*> When
studied in this highly purified, dopamine-free state,
little change in kinetic constants was seen; phosphor-
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ylation of dopamine-inhibited enzyme caused a 10-
fold increase in Vimax and a halving of the BH,; K,,.2#4
The likely way to reconcile these results is that Wu
et al. studied a catecholamine-inhibited species of
TyrH and that the activity enhancement derives
mainly from the release of this inhibition.

In support of this idea, Bailey et al. observed a ~10
min lag in the activity of unphosphorylated, mini-
mally purified bovine striatal TyrH when the assay
was initiated with cofactor. This lag could be re-
moved by phosphorylation of the enzyme or by
preincubation with PH,4,2%° each of which is consistent
with the disruption of the ferric—catecholamine
complex: catecholamine dissociation followed by (or
concomitant with) iron reduction by the pterin co-
factor. Andersson et al. observed an increased reduc-
tion rate of ferric TyrH upon phosphorylation3?® that
can be explained similarly.32°

One would predict that the opposing effects of
phosphorylation and catecholamine binding would be
evident in the rate and/or extent of dopamine inhibi-
tion of TyrH phosphorylation. TyrH is a good sub-
strate for cAMP-PK.?”> Under conditions in which
the unligated enzyme is phosphorylated completely
by cAMP-PK within seconds, the dopamine-treated
TyrH shows a lag in the accumulation of [32P]-
phosphate. Both treated and untreated TyrH incor-
porated the same, near-stoichiometric amount of
[®?P]phosphate within 10 min. About 30% of the
dopamine-treated enzyme is phosphorylated before
the first time point could be obtained, implying that
30% of TyrH is unaffected by dopamine. Since this
is in rough agreement with the 0.55 [*H]dopamine/
TyrH subunit stoichiometry determined by a gel-
filtration experiment, it appears that the dopamine-
TyrH is a poor substrate for cAMP-PK. Since tight
binding of dopamine should depend upon the iron
content, one expects the iron content of the batch of
TyrH used in this experiment to be about 0.55 Fe
subunit™t, but this was not reported. As would also
be expected, the effects of dopamine on the S40A
mutant cannot be alleviated, since no phosphoryla-
tion site is present.?*

In summary, phosphorylation of Ser40 interferes
with the binding of catecholamines to TyrH, and vice
versa. Whether this is due to interference with the
iron-binding capabilities of the catechol moiety, im-
proved specificity for the amino acid substrates, or
some other mechanism is unknown.

4. Properties of the Active-Site Iron

The optical spectrum of recombinant rat {Fe3*}-
TyrH is similar to the spectrum of { Fe3*} PAH shown
in Figure 7, indicating a primary coordination sphere
of carboxylates, histidine, and water.?5! Although the
nature of the primary ligands to the active site Fe
center is currently unknown, the spectroscopic prop-
erties of the catechol adduct of {Fe3®*}TyrH allow
inferences about the iron-binding site in TyrH (sec-
tion 11.B.3.5). Resonance Raman assignments have
been made for this adduct, which lacks the 1600 and
1500 cm™1! bands typical of non-heme iron sites that
have tyrosinate ligation. The 1500 cm™! band is
shifted to a 1476 cm~* band, which has been assigned,
together with a new 1426 cm~! band, to C—C domi-
nated stretches in the catechol moiety. In addition,
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thiolate-ligated metalloproteins have no bands in the
region of 1100—1700 cm™. A new 527 cm~! band is
observed, which is only seen in the Raman spectra
of bidentate-catechol ligated model compounds, which
has been assigned to the chelate mode. Slight
changes in the 600 cm™ region are seen with the
phosphorylated TyrH—catechol adduct, including a
shift of the 528 cm™! chelate mode to 531 cm™1.165
When compared to model compounds that contain
only neutral nitrogen ligands, the catechol adduct of
{Fe*"}TyrH or {Fe**} PAH shows a blue-shifted ab-
sorbance, which is also observed in model compounds
in which the neutral nitrogenous ligands are replaced
by charged carboxylate ligands.'4

Red phenolate adducts of TyrH can be obtained
with phenol, p-tyramine, or o-octopamine, which bind
with much lower affinity than the catechols (K4 for
the latter two = 2.5 4+ 0.5 mM,1%> compared to 1—4
uM for simple catechols3%6:323%), These adducts have
Amax values near 500 nm, with molar extinction
coefficients around 1.1 mM~! cm™. Intriguingly,
L-Tyr does not give visible absorptions of this kind
at 3 mM (~80 Ky), indicating that it does not bind
the iron site directly. Resonance Raman studies of
the tyramine adduct show a Fe—OR stretch at 586
cm™, as well as the 1507 and 1605 cm~! bands
characteristic of tyrosinate-ligated metalloproteins.16®

Recombinant hTH isoforms, which contain 0.02—
0.01 iron subunit™ when isolated, are reconstituted
in a straightforward manner by the addition of Fe2*
to the apoprotein.®?’” This can be followed by the
extent of fluorescence quenching (excitation 295 nm),
which for the recombinant hTH isoforms is 33—40%.
Bovine adrenal enzyme, which contains 0.6—0.8
tightly bound iron subunit™?, is quenched only 6%
under the same conditions. The extent of quenching
correlates with the final activity of the reconstituted
protein, which indicates indirectly that there is a
linear activity dependence upon iron content. (This
is reminiscent of the reconstitution of iron-depleted
PAH, which does not result in an increased popula-
tion of “active” iron sites/specific activity.'#4)

The rate of iron reconstitution of recombinant, apo-
TyrH yields second-order rate constants of 5.9 x 10°
M1 st for hnTH1 and 3.6 x 10° M~*s™! for hTH2 at
pH 7.5 and 20 °C. At pH values below 7, the
apparent rate of iron binding decreases, and cannot
be detected at pH 5.4 (Hepes buffer). Addition of a
chelator (dipicolinic acid or EDTA) restores the
increased fluorescence of apo-TyrH, in a dopamine-
inhibitable manner. Other divalent metals, including
Co?*, are efficient quenchers, but Fe** and Ga3* do
not quench TyrH fluorescence > 1%. This result is
unusual, since EPR evidence shows that at least part
of the {Fe?"}TyrH reoxidizes in the presence of
dopamine (within 20 s at 20 °C) to give {Fe%*-
(dopamine)} TyrH (vide infra). The fluorescence data
imply that Fe3" is not efficiently bound in 20 mM
Hepes, 0.15 M NacCl, pH 7.5 at 20 °C, conditions that
differ from those used to generate the {Fe3*-
(dopamine)} TyrH EPR sample by (1) the presence of
dopamine and (2) the higher concentrations needed
for EPR.3%7

TyrH seems to have a lower affinity for iron than
does PAH, which is isolated from natural and recom-
binant sources in a mostly iron-loaded form. Activity
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measurements on purified, catecholamine-free TyrH
generally include the addition of excess Fe?' to
saturate the enzyme.3?® This may be less important
when TyrH is purified from a natural source and
contains a bound catecholamine, if this results in
slower dissociation of the iron cofactor from the
enzyme (as in bovine adrenal TyrH, which is purified
with 0.7 Fe subunit™* bound to endogenous cat-
echolamines?%).

As might be expected from the previous section’s
discussion, there appears to be an interaction be-
tween the TyrH cAMP-PK phosphorylation site and
the active site metal-binding pocket. If dopamine
and Fe?" are both added to TyrH, phosphorylation
does not go past 0.3 phosphate subunit™! under
conditions in which full phosphorylation of TyrH is
otherwise attainable: TyrH alone, or in the presence
of either Fe?* or dopamine. This effect appears to be
most prominent at a 1:1 Fe?":TyrH subunit stoichi-
ometry. The rate of phosphorylation by cAMP-PK
is slowed in the presence of dopamine and iron, and
appears to be weakly cooperative (Hill coefficients are
1.4—1.6).306

In order for dopamine to exert all of these effects
on the holoenzyme, it most likely is bound to the
{Fe®**} TyrH state of the protein. While the experi-
ments are performed under aerobic conditions, and
it is certainly possible that the enzyme has reoxi-
dized, it must be separately demonstrated that
incubation of { Fe*"} TyrH with a Fe3* chelator results
in oxidation of the metal and adduct formation. Good
evidence for Fe?" oxidation in the presence of cate-
cholamines under aerobic conditions comes from an
EPR study, in which Fe?* was added to a solution
containing equivalent amounts of apo-TyrH (hTH1)
and dopamine (added 20 s before the Fe?"). After the
reaction was allowed to occur for 20 s at 20 °C, the
sample was frozen in liquid N, and an apparently
substantial amount of the axial catecholamine adduct
was detected in the EPR spectrum.®?” This is in some
sense a puzzling result, particularly given its rapid-
ity. It would seem to force a choice between two
unattractive alternatives, that the Fe?* in reduced
TyrH is present in some sort of equilibrium with Fe3*
that can be trapped in the presence of catechol, or
that catechol greatly enhances the O; reactivity of
{Fe®"}TyrH by some unknown mechanism. Alter-
nately, the Fe?" reconstitution of TyrH might produce
{Fe3"}TyrH initially, which would ordinarily be
reduced in a reconstitution experiment by excess
Fe?*. In the presence of catecholamines, the ferric
state would be stabilized by formation of { Fe3*(cat)} -
TyrH. While this option would appear to be ruled
out on the basis of the featureless EPR spectrum of
iron-reconstituted TyrH in the absence of catechola-
mines, the amount of excess iron used, if any, was
not given.®?® If this last alternative were the case, a
single-electron acceptor should be present, one that
is not evident in the EPR spectrum of the freshly
reconstituted { Fe3*(dopamine)} TyrH. In these mul-
timeric enzymes, the possibility of disulfide reduction
by electrons originating from different subunits
remains tenable.

Since the adrenal and PC12 TyrH are isolated with
tightly bound iron and (nor)adrenaline, EPR studies
of various catecholamine adducts are most common.
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Like the catechol adduct of PAH, the signals are
predominantly axial, with ger = 7.0, 5.9, and 5.2;
small alterations occur upon phosphorylation. The
axial signals diminish when the catecholamine dis-
sociates from the iron, either following addition of
L-Tyr (a new signal at ger = 4.5 appears) or as a result
of reduction under turnover conditions.3?6

The tyrosine-bound, phosphorylated TyrH EPR
spectrum closely resembles that of {Fe3'}-
PAHR .., which has been interpreted as arising
from perturbation of the active site iron’s environ-
ment by the binding of substrate rather than to
allosteric structural alterations. In combination with
the spectroscopic evidence against direct iron sub-
strate coordination in the TyrH active site, it appears
that binding of either amino acid hydroxylase by its
cognate amino acid substrate causes similar elec-
tronic perturbations in the Fe3* environment. TyrH
can also efficiently hydroxylate L-Phe at a rate
comparable to L-Tyr (section 1V.C.2), which further
supports the reasonable assumption that TyrH binds
both amino acids in a similar fashion. Since PAH
cannot hydroxylate L-Tyr, and TyrH is ~10-fold less
efficient at the hydroxylation reaction than PAH,
clearly differences between the two enzymes must
arise elsewhere.

While the EPR spectrum of { Fe>"} TyrH is basically
featureless, Mdssbauer spectroscopy can be used to
characterize this catalytically important redox state
of the enzyme. Samples of {3"Fe*"} TyrH were pre-
pared by adding anaerobic aqueous solution of 5’FeCl,
to a 4% molar excess of apo-TyrH at pH 7.5. The
site parameters obtained from Mdssbauer analysis
are consistent with a N/O coordination sphere, with
0 =1.25+ 0.02 mm s~ and AE; = 2.68 + 0.02 mm
571.329

Ramsey et al. have recently used histidine mu-
tagenesis in an attempt to identify iron ligands in
recombinant TyrH.33® The most deleterious alter-
ations were caused by replacement of His331 and
His336 with either GIn or Ala, which resulted in
proteins with a <300-fold lower specific activity and
<0.05 Fe subunit™1.3%® These TyrH residues cor-
respond to the two histidinyl ligands identified as
iron ligands in PAH (His284 and His289),5° and
somewhat more directly identified, using pulsed-EPR
techniques, as copper ligands in C. violaceum PAH
(His138 and His143).1%¢ What remains to be ad-
dressed is whether the structure is more extensively
perturbed than was intended, which can mask spe-
cific changes in metal-binding properties.

In the TyrH study, substitutions were also made
at other conserved positions, and the mutant proteins
were characterized kinetically and by EPR spectros-
copy.®3° The alteration of His192 or His247 to GIn
resulted in proteins with nearly the same iron
content as wild-type enzyme, with 6- and 2-fold lower
activities, and fairly similar EPR spectra. Mutations
at His317 were more complex: in Ala317, the iron
content remains normal but the activity is lower by
a factor of 10, and GIn317 has a low iron content (but
nearly the same specific activity per iron as Ala317).
However, the decreased activity is primarily a Vmax
effect, since the K, values for both substrates drop
appreciably (Kryr 51 — 1 uM; Kempn, 50 — 10 uM).
Because the Vma/Knm of the mutant, and therefore the
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rate-limiting step (potentially hydroxylation itself),
is not significantly altered, Ramsey et al. suggest that
His317 ordinarily functions as a general acid or base
in catalysis rather than as an iron ligand. The EPR
spectrum of the Ala317 mutant has a more promi-
nent gess = 7 peak than any of the other wild-type or
mutant EPR spectra reported, giving it a more axial
appearance than the wild-type {Fe3"}TyrH EPR
signal.?3® Given the high concentration of glycerol
(10%) in the EPR samples, this might reflect a
contribution due to adduct formation. Until a crystal
structure of this enzyme becomes available, it will
unfortunately be impossible to ascribe particular
structural characteristics from this type of functional
analysis with any certainty. The relative rarity of
truly conservative mutations identified in this class
of enzymes confirms the general suspicion that their
structures are very carefully poised to accomplish the
hydroxylation reaction, with appropriate substrate
specificity, avoidance of product inhibition, and a
minimum of side reactions.

It has been inferred that TyrH has a requirement
for prereduction analogous to that for PAH, on the
basis of its acute sensitivity to several ferrous chela-
tors including o-phen. Since the recombinant rat
TyrH and hTH isoforms are expressed in bacteria in
a low-iron state, they are often reconstituted with
Fe?*, which is more labile than Fe®*" in aqueous
solutions. As a result, there is no need for a separate
reduction step if most of the iron remains reduced,
since the Fe?* form is stable for at least several
minutes under aerobic conditions (unless dopamine
is present). Using enzyme obtained from natural
sources, one must remove the catecholamine bound
prior to reduction, which in turn would precede
catalysis. While reduction by tetrahydropterins ap-
pears to be thermodynamically or kinetically unfa-
vorable for catechol-bound {Fe®*} TyrH (or PAH), it
seems to be feasible in the presence of both L-Tyr and
a tetrahydropterin or, as described in the previous
section, if phosphorylation has occurred.

C. Tryptophan Hydroxylase [TrpH EC 1.14.16.4]

1. Distribution and Physiological Functions

The distribution of TrpH is the most restricted of
the aromatic amino acid hydroxylases. It is found
in the serotonergic neurons of the CNS, which
innervate a number of disparate brain regions in-
cluding midbrain, medulla, pons, and cerebellum.26:331
TrpH produces 5-hydroxy-L-tryptophan in the rate-
limiting step of serotonin synthesis (Figure 11), which
is itself the precursor for melatonin biosynthesis.3*?
Serotonin (5-hydroxytryptamine) and melatonin have
a wide range of physiological effects, most famously
as a neurotransmitter and as part of the circadian
rhythm control system, respectively. TrpH is found
primarily in the dorsal raphe nucleus and the pineal
gland, which contains the highest TrpH activity.?®

Serotonergic projections from the raphe nuclei, a
group of nine discontiguous regions in the midline
of the brainstem, heavily innervate the superchias-
matic nucleus (SCN),%33 the mammalian circadian
“clock” region.®3* The SCN has a diurnal rhythm of
serotonin uptake and sensitivity;33® when serotonin
is applied the firing of neurons in the SCN is
decreased.33¢
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Figure 11. TrpH reaction within its biosynthetic context.

Both ascending and descending serotonergic path-
ways exist, with contrasting physiological effects. An
increase in L-Trp or 5-hydroxytryptophan, or direct
treatment with serotonin, causes a decrease in motor
activity thought to be due to the ascending seroton-
ergic pathway. Treatment with p-chlorophenylala-
nine, which inhibits TyrH and blocks serotonin
formation in this pathway, leads to the opposite:
insomnia and increased motor activity, aggressive-
ness, irritability, sexual activity, and social interac-
tion.3%7:338 These results represent the characteristic
inhibitory effects of serotonin, which may be associ-
ated with the process of sleep.3*

In contrast, treatment with an MAO inhibitor also
increases serotonin, but causes autonomic excitatory
effects, tremor, seizures, and hyperactivity, which can
also be accompanied by an increased body tempera-
ture (hyperpyrexia). These effects are probably due
to stimulation of the descending pontine and medul-
lary serotonergic raphe nuclei. Selectivity in control-
ling serotonin levels in the correct region of the brain
has an obvious therapeutic benefit because of these
multiple effects of this powerful compound.®*® Sero-
tonin agonists are either tranquilizers (chlorprom-
azine [Thorazine]) or hallucinogens (LSD and 5-meth-
oxy-N,N-dimethyltryptamine); serotonin storage
inhibitors are tranquilizers (reserpine); serotonin
reuptake inhibitors are antidepressants (fluoxetine
[Prozac], chlorimipramine, clomipramine, and nortryp-
tilene) as are MAO inhibitors (iproniazid and tranyl-
cypromine); and serotonin analogues are hallucino-
gens (bufotenine). The similarities between the
effects of LSD and forms of mental iliness were noted
years ago, leading to the persistent suggestion that
normal functioning of the serotonergic system is
deranged in some mental disorders.34!

In the periphery, TrpH is found in mast cells, in
stem cells,®*? and in the enterochromaffin cells of
pancreas and intestine.3** Mast cells, which are
descended from hematopoietic stem cells,3** are in-
volved in inflammatory responses, during which they
produce histamines, cytokines, and heparin.®*> Over-
all, the intestinal mucosa contain 95% of the body’s
serotonin, which is involved in digestion. Increased
serotonin levels are associated with starvation, and
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peripheral administration can increase the sensitivity
to pain (nociception).3%7

Often the serotonin content of tissues does not
correspond well with the TrpH content.®*® For in-
stance, 5-hydroxy-L-tryptophan was first isolated
from platelets, which contain no TrpH activity.3*

Nearly all of the work on TrpH performed to date
has been with brain or pineal forms of the enzyme.
This situation should soon be different, following the
realization that mouse bone marrow-derived mast
cell TrpH activity is induced in response to cytokines.
Following treatment by stem cell factor/kit ligand
(SCF),*8 these cells show higher TrpH activity and
increased serotonin content, concomitant with induc-
tion of the BH,-biosynthesis pathway by increased
levels of GTP cyclohydrolase 1.34° This is consistent
with induction of BH,4 to enhance its availability as
a cofactor in a part of the immune system, distinct
from and in addition to its role in nitric oxide
formation in other cells (sections 11.D.3 and 111.A.1).

The pineal gland, which is attached to the brain
but is not part of the CNS, exerts its influence on
the hypothalamus using both serotonin and melato-
nin. It is thought that the pinealocytes transduce
environmental cues, particularly ambient light levels,
into chemical signals. Melatonin is produced at night
and is itself a light-sensitive compound.3*° Its role
in circadian rhythm generation, seasonal cycles, and
sleep have been extensively reviewed.351=357 While
melatonin is produced primarily in the pineal gland,
it is also found in the retina.3>8-360 TrpH activity or
immunoreactivity has been found in retinas from
various species,3%8361-365 gand its mMRNA has been
recently cloned from Xenopus laevis retina.36%

2. Molecular Structure and Expression

2.1. Assays, Isolation, and Characteristics.
Assays of the formation of 5-hydroxytryptophan
include direct fluorometric determination of pro-
duct®¢7-3¢° and radiometric determination of 4CO,
from [1-1“C]tryptophan in a coupled assay that in-
cludes DOPA decarboxylase (aromatic L-amino acid
decarboxylase, EC 4.1.1.28).8° Total 5-hydroxyin-
doles can be quantitated without radioactivity by
condensation with o-phthalaldehyde.3"*

TrpH is an unstable and relatively scarce protein,
so it is not surprising that purifications of this
enzyme and studies of the purified material have
lagged behind PAH and TyrH. Tong and Kaufman
purified a low-activity (specific activity at 37 °C =
2.1 nmol 5-hydroxytryptophan formed per minute per
milligram) TrpH from rabbit hindbrain to ~90%
homogeneity and demonstrated that the enzyme had
a requirement for O, and one of 6MPH,, DMPH,, or
BH,4.372 Using a pteridine affinity matrix, Nakata
and Fujisawa purified homogeneous, high-activity
TrpH from rat brainstem and mouse mastocytoma
(specific activities at 30 °C = 374 and 5280 nmol
min~* mg~?, respectively), which were apparent ho-
motetramers with apparent subunit weights of 59
and 53 kDa, respectively.373374 Anaerobic conditions
were not necessary to purify high activity TrpH,
which had been predicted from the lability of crude
TrpH-containing fractions in O, (section 11.C.4).37
Addition of glycerol/ethylene glycol, Tween 20, L-Trp,
and EDTA greatly increased the stability of homo-
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geneous TrpH during storage,®* an effect not ob-
served by a different group.’’® A purification to
homogeneity of TrpH from whole rat brain yielded
enzyme of specific activity 367 nmol min~t mg1, or
about the same as the rat brainstem preparation.
This procedure includes exposure of the extract to
“activating conditions” (DTT, Fe?*, Ca?*, and pH 8.0)
prior to application to the pteridine matrix.376

A sense of how rare TrpH is can be conveyed by
the fact that the three purifications to homogeneous
protein are 5500-fold (rat brainstem3®#), 880-fold
(mouse mastocytomas’®), and 3570-fold (rat brain®7®),
even though the yields are reasonable (8—47% re-
covery).

TrpH is generally regarded as a soluble tetrameric
protein, based on the physical parameters deter-
mined for TrpH from several sources. Gel filtration
indicates tetramer formation,3”? a result supported
by a cross-linking study.3”® The Stokes radius de-
termined by gel filtration is 53 A (mouse mastocy-
toma 373) or 56 A (rat midbrain3”’ or brainstem 374).
Sucrose gradient centrifugation gives Sypw = 10.9 S372
and 9.6 S.37 Smaller species have also been re-
ported, as with mouse mast cell TrpH, which appears
to be a 144 kDa dimer with Stokes radius 50.3 A and
Sow = 6.97 S.377 There is also a tissue-dependent
distribution between soluble and particulate forms
of TrpH.346

Mast cell TrpH and midbrain TrpH have shown
differences in immunoreactivity®* and in their ki-
netic and physical properties, leading to the proposal
that they are “distinct molecular entities”.3*¢ Ini-
tially, this hypothesis gained support when two
MRNA species were identified from a rat pineal
cDNA library,3"® but subsequent to this, only a single
MRNA isoform has been found in all cloned TrpH:
rabbit pineal body,?®? rat pineal,®”® human carcinoid
tumor,®¥® mouse mastocytoma,®®! rat dorsal raphe
nucleus,®? and human brain.38

The apparent implication of a single mRNA encod-
ing biochemically distinguishable forms of TrpH is
that there are as-yet unknown posttranslational
modifications of TrpH. The largest sequence varia-
tion known (including intraspecies differences) is the
99 base pair difference (18 amino acid changes)
between the TrpH from human carcinoid tumor and
human brain (pons, cerebellum, and midbrain). Since
the human brain clone was more similar to the rabbit
clone, Tipper et al. suggest that the carcinoid tumor
TrpH might have an abnormal sequence.3® As has
been mentioned, the sequence of TrpH is homologous
with PAH (full human sequences, 52.3% identity;
55.6% identity in 430 residues overlap), and to a
slightly lesser extent, TyrH (full human sequences,
40.7% identity; 57.8% identity in 334 residues over-
lap).

The human brain clone of TrpH was overexpressed
using a maltose-binding protein (MBP) fusion con-
struct, which could not be proteolytically excised from
the TrpH sequence without causing precipitation of
the cleaved and fused protein. The specific activity
of the fused construct was low (62 nmol min~!
mg~1).384

In neither of the other two reports of an overex-
pressed TrpH was the protein purified to homogene-
ity, which is critical to assessment of the relative
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activity of a recombinant enzyme.383385 The specific
activity of a recombinant mouse TrpH in cell lysates
was stated to be approximately that of rat brain and
rat brain stem TrpH (specific activity at 37 °C = 434
nmol min~t mg™1), but a detailed account of how total
[TrpH] was determined was not provided.’® By
using fusions of MBP to truncated TrpH, a deletion
study has been performed on the basis of similar
mapping of the active site in PAH and TyrH. MBP-
TrpH constructs lacking 91 N-terminal or 19 C-
terminal amino acids show ~10% residual activity,
which is lost if larger excisions from the C-terminus
are made (<36 amino acids).’®* These results are
consistent with the delineation of regulatory and
catalytic domains in the similarly sized PAH (452 vs
444 amino acids for TrpH) discussed in section 11.A.2.

TrpH is inhibited by thiol-binding compounds (N-
ethylmaleimide and mercurials) or agents that pro-
mote disulfide formation in proteins (DTNB and
dithiodiglycolic acid). Tryptophan has a partial abil-
ity to protect crude rat brainstem homogenate TrpH
activity from inactivation by these compounds. DTT
is less effective at recovering activity following cova-
lent modification of thiols than it is at re-reducing
oxidatively inactivated TrpH, which is restored to full
activity.3”® Thus it appears that in addition to the
requirement for Fe?*, at least one reduced thiol is
important for TrpH activity.38¢

2.2. Gene Expression. Comparatively little is
known about the expression of the trpH gene, which
is spread across 29 kb in 11 exons'® on human
chromosome 11p15.3-p14.387738%  Human trpH
mRNAs are comprised of a conserved coding region,
a conserved 3' UTR, and a variable-length 5" UTR,
with the most common transcript length = 5 kb (type
1). Carcinoid tumors have a significant amount of
longer transcripts, which are also present in the
pineal in smaller amounts. Only the 5 kb transcript
is found in the intestine. Counter to expectations,
no transcripts were detected in the dorsal raphe
nucleus and the pineal gland.

Shorter, ~3.6 kb transcripts (type 2) were detected
in pineal MRNA that lack 1.7 kb of 5" UTR sequence,
which suggests transcript editing occurs. The shorter
MRNA has an additional AUG 27 bp upstream in the
5" UTR, which might potentially give rise to a
different, slightly longer isoform of TrpH.1% Among
the aromatic amino acid hydroxylases, this poten-
tially regulatory processing of the 5" UTR is unique
to TrpH, which contains three “introns” in the human
5" UTR and one in the mouse 5 UTR.38! Multiple
TrpH protein isoforms have not been reported.

cAMP levels in the pineal gland vary with a
circadian rhythm;3° when increased, CAMP increases
the expression of rat pineal TrpH.3*! A 2 kb sequence
of 5 UTR was adequate to direct cAMP dependent
expression, albeit not in a cell-specific manner (PC12
as well as cultured pinealocytes were tested, and both
expressed a TrpH 5 UTR-luciferase reporter con-
struct). The region between —73 and +2 with respect
to the start site confers this responsiveness, even
though no CRE (cAMP-responsive element) or AP-2
site is present. Instead, an inverted CCAAT box at
—71 was sufficient to give the observed cAMP regula-
tion.3?2 Intriguingly, pinealocytes lack CRE-binding
protein, the usual CRE activator, but contain ICER,
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Figure 12. Violacein, the characteristic pigment of C.
violaceum.

an inhibitory member of the CRE modulator family
that has a significant circadian fluctuation.3®® The
architecture and complex processing of the 5" UTR
are potentially able to account for all or part of the
circadian fluctuations of TrpH and, by extension
indoleamine levels. Melatonin synthesis is not rate
limited by TrpH,?® but by serotonin N-acetyltrans-
ferase (EC 2.3.1.87), the activity of which follows a
circadian rhythm 3%

The half-life of [3*S]methionine-labeled TrpH is less
than 1 h in mast cells, ranging to as low as 11—15
min in a leukemia cell line. Proteolysis depends upon
ATP, but the mechanism of degradation remains
unknown,3%

2.3. Other TrpH. In addition to PAH, there is a
TrpH activity in C. violaceum; it was in this organism
that tryptophan hydroxylation was first observed.3%:3%7
C. violaceum apparently requires TrpH for the bio-
synthesis of violacein (Figure 12), the characteristic
purple pigment of this organism, but both TrpH and
PAH are induced by L-Phe to a greater extent than
by L-Trp, a poor carbon source.'” The Drosophila
locus DTPH encodes a single protein that apparently
serves as a bifunctional PAH/TrpH in that organism.
The protein is present in a 45 kDa form present in
early stages of development, which apparently func-
tions only as a PAH, that is replaced in the adult by
a 50 kDa bifunctional TrpH/PAH.1”® This is not
chemically unusual, since PAH and TrpH readily
hydroxylate each others’ substrates under in vitro
conditions, and both are inhibited in vitro and in vivo
by p-chlorophenylalanine,?%3% while TyrH is not.3%°
A pineal “PAH"” turned out to be TrpH,*° which can
catalyze the formation of L-Tyr at 39% the rate it can
form 5-hydroxytryptophan; the complementary re-
port, of a liver “TrpH”, was similarly resolved as
being due to a side reaction of PAH.4®1 mRNA probes
have confirmed that the mammalian tissue distribu-
tion of these two enzymes does not overlap.1%

3. Regulation

The regulation of TrpH (which has been recently
reviewed*%?) has several important differences from
TyrH, but overall it resembles TyrH more than PAH.
Neither of the two brain enzymes displays allosteric
regulation by its amino acid substrate, which are
present at subsaturating levels (in the case of TrpH,
the concentration of L-Trp is near its Ky). As
discussed above, the possibility exists that a majority
of the “long-term” regulation of TyrH expression
occurs on the translational level. The need for acute
regulation of TrpH is harder to justify, in terms of
physiological function, than it is for the TyrH/
catecholamine system.

3.1. Neural Activity/Circadian Rhythms. In
vivo electrical stimulation of the dorsal raphe nucleus
in rat midbrain, which contains the cell bodies of
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many serotonergic neurons, leads to an increase in
the amount of TrpH activity in the resulting ex-
tracts.*®® Extracellular Ca?* was required to observe
this increase in vitro.#%4-4%6 Depolarization of neu-
rons, which leads to an increase of K* and release of
Ca?*, has been supposed to mediate TrpH levels,
primarily by phosphorylation. Evidence that phos-
phorylation is a significant participant in this short-
term response includes the sensitivity of the electrical
stimulation-induced activation to alkaline phos-
phatase, a nonadditivity with phosphorylating condi-
tions, and the similarity to potassium depolarization
of brain slices, which increases the Vyax of TrpH.4%3

In the pineal gland, the level of TrpH activity?*07408
and cAMP-dependent TrpH phosphorylation®® cycle
with a circadian rhythm. Cycloheximide, which
blocks protein synthesis but not necessarily TrpH
synthesis, obliterates the cAMP-dependent increase
in TrpH activity.’®® The TrpH activity level in
chicken retina also follows a circadian rhythm,
increasing during the dark. This increase was in-
hibited by an injection of cycloheximide prior to the
onset of darkness.*®

Thus it appears that short-term and circadian
regulation of TrpH in both brain and pineal involves
phosphorylation of the enzyme, perhaps in a protein
synthesis-dependent, cCAMP-dependent system. Mo-
lecular details of this interaction are presented in the
following section.

3.2. Phosphorylation. The addition of cCAMP or
its analogues to brain slice preparations causes an
increase in TrpH activity,*1%41 which would super-
ficially seem to implicate activation by TrpH phos-
phorylation, mediated by a cAMP-dependent protein
kinase. However, the enhancement of TrpH activity
required Ca?*,412413 could be blocked by antagonists
of calmodulin,*# and cAMP was found to increase the
influx of L-Trp into cells (an increase in substrate
levels would be expected to increase activity in this
subsaturated enzyme).*> While the first pieces of
evidence clearly suggest the involvement of a Ca?*/
CaM-dependent protein kinase,*® it was also found
that Ca?* causes proteolysis of TrpH by a neutral
Ca?*t-activated protease.*'”

In brain cytosolic extracts, CAMP and ATP have
no stimulatory effect on TrpH activity,*2-414418 which
is also the case for bovine pineal extracts.*'® Gener-
ally the exposure of extracts to CaM-PK phosphory-
lating conditions leads to a 2-fold stimulation of TrpH
activity, except in pineal extracts.?® Addition of
phosphatase to brain sections*?! or serotonergic neu-
rones*® diminished the activation of TrpH, consistent
with activation by phosphorylation.

The calcium-dependent activity-enhancement fac-
tors were fractionated into calmodulin, CaM-PK I,
and a heat-labile activator protein.?®32% As was
mentioned in Section 11.B.3.2, the activator protein
is a widely distributed 14-3-3 protein required for
TrpH activation, but not phosphorylation by CaM-
PK 11.267.2%5 The level of phosphate incorporation by
CaM-PK 11 into one or both of the two putative3’
phosphorylation sites is quite low (0.12 [*?P]phos-
phate monomer~? of purified TrpH).4?2 The site of
phosphorylation has not been reported. In brainstem
cytosolic extracts, the activation apparently mediated
by phosphorylation can be reversed by the addition
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of EGTA, which can in turn be counteracted by the
addition of more CaCl,.4® As was discussed in
section 11.B.3.2, dynamic phosphorylation levels are
also seen in TyrH.

The predicted amino acid sequence of TrpH from
all of the mammalian clones contains a canonical
CAMP-PK site at Ser58, Ser260, and Ser443.38
Recombinant, and presumably unphosphorylated,
TrpH is a substrate for cAMP-PK; no change in
activity is seen after phosphorylation.*?® No change
in TrpH activity was observed following cAMP-PK
phosphorylation of the rat brain stem TrpH unless
activator protein was also included, which resulted
in 2-fold activation.*?

Recently the region in 14-3-3 responsible for inter-
action with TrpH has been mapped to a carboxy-
terminal region, using a demonstration that only
phospho-TrpH binds to a GST-14-3-3 fusion (y iso-
form), and that the phosphorylated TrpH will interact
with smaller GST-14-3-3 fusion proteins.*?®> The
proposed interaction region is part of a negatively
charged groove in two crystal structures of different
14-3-3 isoforms.426:427

Phosphorylation of TrpH by endogenous cAMP-PK
and [y-*2P]ATP was demonstrated in rat brain ex-
tracts by immunoprecipitation of labeled TrpH, but
no change in TrpH activity was detected. In contrast
to Makita et al. the addition of activator protein did
not alter the activity of the cAMP-PK treated Tr-
pH.*?8 Since a similar demonstration has not yet
been reported with purified TrpH, the site of phos-
phorylation, as well as the extent of phosphorylation,
remain unknown.

3.3. Other Activators. In crude homogenates,
TrpH activity is markedly stimulated by polyelectro-
lytes such as heparin, an effect that can be dimin-
ished by salt addition.#?® A report that the activity
of 85% pure rabbit hindbrain TrpH is not affected
by phospholipids3”? contrasts with other results that
show activation of TrpH activity in rat brainstem
homogenate by phosphatidylserine and inhibition by
phosphatidylinositol.*30

A later study by Imai et al. using crude rat
brainstem TrpH at 37 °C showed initial 3- or 4-fold
activation by phosphatidylserine and phosphatidyl-
inositol, followed by inactivation. Activity was re-
stored to the inactivated enzyme to higher-than-
initial levels by the addition of Fe*" and DTT.
Inactivation could be blocked by preincubation with
Fe?" but with none of several other divalent metal
salts.*3t A similar effect was noted by Lloyd using
TyrH, but in that case the activity could not be
restored; adding Fe?" or other divalent cations prior
to the phospholipid blocked inactivation of TyrH.316

The presumably irreversible activation of rat brain-
stem TrpH by Ca?"-dependent protease might also
account for some degree of physiological regulation,
but Hamon et al. regard this possibility as “doubtful”,
given the large amounts of Ca?" required.314432

4. Properties of the Active-Site Iron

As was anticipated by the similarities between
TrpH and the other amino acid hydroxylases, TrpH
activity in different tissues was sometimes stimu-
lated by the addition of Fe?".26 Addition of Fe?"
doubles the TrpH activity of a bovine pineal homo-
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genate, and can “rescue” TrpH inactivated by o-
phenanthroline or 2,2'-bipyridine.3¥? These and other
metal chelators are strong inhibitors of TrpH activity,
with the notable exception of EDTA, which is a
relatively ineffective inhibitor.332375 There is a report
that 10 uM EDTA is an overall activator of TrpH
activity, probably because it sequesters some uni-
dentified metal ion present in an impure mastocy-
toma preparation.*®® The ability of phenanthrolines
but not EDTA to inhibit all three aromatic amino acid
hydroxylases is regarded as a difference in the iron
site’s accessibility to neutral and charged chelators.
Catechols strongly inhibit TrpH as well, probably by

direct coordination of the oxidized ferric active site
iron_332,367

TrpH activity in crude extracts can be raised by
incubating the enzyme with Fe2*/DTT under anaero-
bic conditions.386:434-436  Treatment with Fe>*/DTT
causes a rapid, marked activation of homogenous
mouse mastocytoma and rat brainstem TrpH, which
is optimal at 20 uM Fe?*.373374  Anaerobic addition
of Fe?*/DTT has no effect on the substrate Ky,'s but
increases Vmax, Which is consistent with iron recon-
stitution of apoenzyme.374437

This apparent requirement for reduction and/or
reconstitution prompted Kuhn et al. to investigate
O,-dependent inactivation of TrpH in crude rat
midbrain homogenates. Under 100% O, at 37 °C, the
TrpH activity decreases with a half-life of 11.5 min,
while under 100% N, TrpH activity is stable for at
least 40 min. Inactivation is dependent on both
temperature and Po,. Inclusion of reactive-oxygen
scavengers (superoxide dismutase; catalase; the HO*
scavengers mannitol, inosine, and glucose; and the
10, scavengers histidine and dimethylfuran) did not
prevent inactivation. Tryptophan has no effect on
inactivation. Thiol compounds and ascorbate had
some ability to slow inactivation, stabilize stored
TrpH, and reactivate previously inactivated TrpH;
under anaerobic conditions DTT restores 28% of the
original activity. In a parallel experiment, the ad-
dition of Fe*" and DTT restores 98% of the original
activity, suggesting that reactivation is due to iron
reconstitution of TrpH. This distinguishes the oxida-
tive inactivation phenomenon from inactivation by
thiol-oxidizing compounds, in which full restoration
of activity is obtained by re-reduction and tryptophan
protects active TrpH.37

Direct spectroscopic data sensitive to the state of
the active-site iron, including optical and EPR spec-
tra, have not been reported for pure TrpH.

D. Other Pterin-Dependent Systems

1. Glyceryl-ether Monooxygenase

The only enzyme known to cleave unsaturated
glyceryl ethers is present in liver, and to a lesser
extent, intestine and brain.**® Blomstrand discovered
that radiolabel in chimyl alcohol (1-O-hexadecylglyc-
erol) appears in palmitic acid, providing the first
evidence of direct ether cleavage, a chemically de-
manding transformation.#3°440  Unfortunately, the
enzyme responsible for this reaction has had a
variety of names: O-alkyl glycerol monooxygenase,
glyceryl-ether hydroxylase, glyceryl etherase, alkyl-
glyceryl-cleaving enzyme, and glyceryl-ether mo-
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4a-OH-BH, ?

g-BH2
Figure 13. GEM reaction.

nooxygenase. Tietz et al. determined that GEM from
liver microsomes has an absolute requirement for O,
and tetrahydropterin (6MPH,, DMPH,, and the most
active pterin tested, L-neopterin) and that the enzyme
converts glyceryl ethers into glycerol and an alde-
hyde. Acid products were the primary product of the
reaction only at long incubation times, indicating that
they result from oxidation of a product aldehyde,
perhaps by NAD™. They proposed that the a-meth-
ylene group of the alkyl chain is hydroxylated to
generate an unstable hemiacetal, which hydrolyzes
to the observed products (Figure 13).441

Despite a report to the contrary,*3® GEM is exclu-
sively associated with the microsomal fraction in liver
and cannot be removed from it by repeated aqueous
washing.*2 GEM can be differentiated from mi-
crosomal cytochrome P450 by its insensitivity to CO
and the inability of various reductants to replace the
specific requirement for tetrahydropterin.*** GEM
can be solubilized with Triton X-100** or digitonin,**®
the former of which was used in purifying the enzyme
to apparent homogeneity with a chimyl alcohol-
affinity procedure.**® Assays are somewhat compli-
cated by the instability of the aldehyde product.
Soodsma et al. established optimal conditions for
cleavage of 1-O-hexadecyl-[1-**C]glycerol (or an analo-
gously radiolabeled substrate) by the microsomal
form of the enzyme, which is stimulated by glu-
tathione and ~4 mM NH,*, and is maximal at pH
9.0.442° A NADH-coupled continuous assay has been
developed, analogous to Neilsen’s PAH assay,’ in
which the rereduction of g-6MPH; is detected spec-
trophotometrically. This was shown to give the about
the same result (plus ~5%) as a TLC determination
of total cleaved (acid + alcohol + aldehyde) prod-
uct.*45 This also constitutes a demonstration that the
monooxygenase activity is tightly coupled (~1.05
NADH oxidized per ether cleavage). This was ex-
plicitly demonstrated for the microsomal glycol ether
monooxygenase activity, which is also catalyzed by
GEM (1.1 and 1.3 NADH oxidized per 2-(hexadecyl-
oxy)ethan-1-ol cleaved, with 6MPH, or DMPH, as
cofactor, respectively).**® Solubilization of the hy-
drophobic substrates requires the inclusion of ethanol
in these assays. A modified version of the NADH-
coupled assay, using < 0.18% wi/v of the detergent
Mega-10 to solubilize substrates, can be carried out
in otherwise aqueous conditions and has been used
in the largest single comparison of different lipid
substrates.**” The substrates have been shown to be
in micelles under these conditions.**® Other assays
include enzymatic detection of the released glycerol,
detection of the aldehyde product as the p-nitro-
phenylhydrazone derivative,**! and determination of
phosphate released from cleaved lyso-phospholipids
(vide infra) in a phospholipase-coupled assay.*+

The purified rat liver enzyme migrates as a 400
kDa band on Sepharose 6B, with a monomer weight
of 45 kDa.*#4446 No clones of this enzyme have been
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reported. A dependence upon iron would certainly
be expected by analogy to the aromatic amino acid
hydroxylases and might be inferred from the sensi-
tivity of the enzyme to KCN##* and o-phenanthroline
(to which it is noticeably less sensitive than PAH).*47
GEM is partially inactivated by the thiol-modifying
reagents N-ethylmaleimide and p-chloromercuriben-
zoate.**4

Most of the studies with this enzyme have focused
on the lipid substrate specificity. As has been alluded
to above, at least one free alcohol group is required
on the glyceryl or glycol moiety.**3447 The alkyl group
specificity is not stringent: unbranched C14—C18
give about the same activity with microsomes.**! The
solubilized enzyme’s 1-O-alkyl specificity is rather
shallow, with C16 > C18 > C6 > C14 > (C12 ~ C7
~ C8) > C9, with C5 and C3 at zero. All but the
last three are within a factor of 4 of the optimal
activity with chimyl alcohol. The 1-S-octadecyl de-
rivative is cleaved at a slightly lower rate by GEM,*0
but the enzyme is unable to hydroxylate 1,2-dihy-
droxyhexadecane.*’ No discrimination between the
D- and L-isomers of batyl alcohol can be detected.*!
The 2-O-heptadecyl compound has a higher microso-
mal activity than its chimyl alcohol isomer.438:45!

The identity of the pterin cofactor for GEM has
been presumed to be BH, given its location in
mammalian liver where high amounts of that cofac-
tor are available to PAH. At pH 8.7 and 25 °C with
Mega-10-solubilized GEM and batyl alcohol (C18) as
substrate, BH,; has Ky, = 25 uM, Vmax = 31 nmol
min~! mg~1; 6MPH, has Ky, = 87 uM, Vimax = 22 nmol
min~t mg~!; and DMPH, has Ky, = 270 uM, Vimax =
30 nmol min~' mg=1.4’ Comparable results were
obtained for the glycol—ether activity, using mi-
crosomes and 2-(hexadecyloxy)ethan-1-ol as sub-
strate. GEM was inhibited by 2,4,5-triamino-6-
hydroxypyrimidine (K, = 0.24 mM), a pterin analogue
of considerable importance in the mechanistic study
of PAH (section 111.D). This pyrimidine apparently
functions as a cofactor in the reaction, with low
activity (0.1 nmol min~* mg~?) and highly uncoupled
(5—18 NADH oxidized per ether cleavage) turn-
over.*43

The physiological function of GEM is still unknown,
partly because glyceryl—ether-containing lipids are
relatively unusual. Platelet aggregation factor (PAF)
is perhaps the best-known glyceryl-ether lipid. In
addition to the function implied by its name, PAF
also affects allergic reactions, inflammation, fertiliza-
tion, fetal development, and blood pressure and may
be involved in cardiovascular, renal, and pulmonary
disorders. Essential features for the bioactivity of
PAF include the 1-O-alkyl group and a 2-acetyl
group. PAF is released by IgE-stimulated basophils,
which mediate inflammatory responses.*5?

lyso-PAF (see Figure 14 for the structure of this
compound) is generated in the penultimate step of
PAF biosynthesis by deacylation of a long-chain
2-acyl neutral storage form.*>® The optimal GEM
substrate contains the same alkyl group as PAF; lyso-
PAF is a substrate for GEM.*** GEM has been
proposed to have a role in lowering the pool of lyso-
PAF, but its limited tissue distribution would seem
to preclude participation in the inflammatory re-
sponse mediated by metabolism of PAF.453

Kappock and Caradonna
\M/\O /U\ s physiological
effects
(CHIN 2

Ooe

acetyl- acetyltransferase
hydrolase
acetyl-CoA
lyso-PAF
o
OH ———
Viel = 0.52

®
(CHolN ™ 0K

\Mf‘%o

+ glycerol-1-PC

lysophospholipase D
phosphohydrolase

H
G| MO\ cem \%%O
alcohol _
HO Viel = 1.0
+ glycerol

Figure 14. Platelet aggregation factor and GEM.

Tumor cells contain large amounts of glyceryl-ether
lipids (1—5% total lipids are alkyl glyceryl ethers in
human tumor cells, compared with <1% in normal
cells; both are somewhat lower in rat).#%54% Remark-
able cytotoxic effects can be achieved (by an unknown
mechanism) in these GEM-deficient cells by treat-
ment with several lipid analogues.*>74%8 Recently it
has been suggested that the accumulation of ether
lipids is due to increased uptake by cancer cells
rather than a catabolic deficit in GEM.**° It may also
be that glyceryl-ether lipids, which are uncleavable
and therefore inert if three alkyl groups are present,*8
have no metabolic role in liver and are simply
prevented from accumulating there by GEM.

2. Other Hydroxylases [EC 1.14.16.3 and 1.14.16.6]

An inducible mandelate 4-monooxygenase (EC
1.14.16.6) having an absolute requirement for NAD-
PH, Fe?*, and a reduced tetrahydropterin (DMPH,
was twice as active as THF) has been reported in
Pseudomonas convexa and purified 26-fold. This
enzyme differs from the other members of the 1.14.16
class in that it requires NADPH for the hydroxylation
step itself, as distinguished from the recycling of the
reduced pterin by DHPR.460

The similarly inducible, apparently Fe?*- and tet-
rahydropterin-dependent benzoate-4-hydroxylase (from
Aspergillus niger*®! and a soil pseudomonad*6?) and
anthranilate 2,3-dioxygenase (Aspergillus niger) have
also been reported by the same group.*®® The an-
thranilate-metabolizing enzyme is apparently identi-
cal to anthranilate 3-monooxygenase (EC 1.14.16.3),
which is classified as forming 3-hydroxyanthranilate.

These enzymes (Figure 15) are apparently compo-
nents of a degradative pathway in the organisms that
contain them, a function ordinarily carried out by
flavin-containing monooxygenases and the non-heme
iron-dependent intra- and extradiol dioxygenases.
None of the three enzymes appears to contain flavin
or heme when purified, on the basis of their lack of
an optical spectrum, and all are unambiguously
stimulated to varying degrees by iron.
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Figure 15. Other apparently pterin-dependent hydroxy-
lases from soil organisms.
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Figure 16. NOS reaction.

3. Nitric Oxide Synthase [EC 1.14.13.39]

After Tayeh and Marletta’s observation of a BH;-
dependent stimulation of macrophage NOS,** and
the recognition by Kwon et al. that nitrogen oxide
formation by macrophages was stimulated by re-
duced biopterin,*®® a steady ~1% of Medline entries
mentioning nitric oxide also discuss pterins. The
unusual role of BH, in this system has revived
interest in many clinical observations concerning
pterin and immune responses in particular, which
is discussed very briefly here and in section I11.A.1.
The interested reader is referred to several of the
many reviews available on the topic,*%6-468 some of
which focus specifically on the biopterin issue.*69470

The tight association of BH, with NOS has caused
quite a bit of excitement, because it appears to be
necessary for maximal NOS activity (Figure 16) but
does not appear to function in the manner of the
aromatic amino acid hydroxylase coenzyme. The
most striking difference is that the tightly associated
(0.1 uM) BH, does not dissociate from NOS for >15
turnovers, indicating that BH, is not likely to be used
as a source of the reducing equivalents consumed
during *NO synthesis.#”* BH, induces tight coupling
between NADPH oxidation and *NO formation,*2473
which results from an unusual five-electron oxidation
from arginine by way of NC-hydroxy-L-arginine
(L-NHA).*”* Moreover, while 6MPH, can partially
replace BH,, 5-deaza-6MPH, does not lead to the
same activation, indicating some role for biopterin’s
redox behavior.*"?

There is no indication that BH, dissociates during
turnover, and half an equivalent of BH,4 per subunit
(reported BH4:NOS stoichiometries vary, but are <1
BH,:subunit) may in fact be required for the stability
of the NOS dimer.#547¢ Urea can be used to dissoci-
ate the dimer, which occurs concurrently with loss
of BH, from NOS. (A significantly higher concentra-
tion of urea is necessary to inhibit NOS's reductase
activity.) A ~30% reactivated enzyme can be recon-
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stituted from the inactive, urea-dissociated mono-
mers in the presence of BH, and NOS's other
cofactors.4®

Determining which of these cofactors (BH4, NAD-
PH, FMN, FAD, and protoporphyrin XI-heme iron)
are involved in the two oxidations is a matter of great
interest. Addition of CO inhibits both steps of the
NOS reaction (i.e., using either L-arginine or L-NHA
as substrate), indicating the involvement of the heme
in both oxidative steps.*’”

The second step, which is normally conversion of
L-NHA to citrulline and *NO, can be performed
anaerobically by addition of H,O, to L-NHA and ferric
NOS, yielding citrulline and NO~ (which binds the
ferric heme). Under aerobic conditions the reaction
is stimulated modestly by BH,4, and the iron—NO
complex breaks down into NO, /NO3~. The first step
in Figure 16 has been envisioned to recapitulate the
mechanism of cytochrome P450 hydroxylations, in-
cluding the generation of a high-valent iron—oxo
species (PPIX-FeV=0, etc.), which attacks the L-
arginine substrate to yield L-NHA. However, L-
arginine was not a substrate with tert-butyl peroxide,
cumene hydroperoxide, H,O,, or iodosylbenzene as
oxygen atom donor, indicating that the first step may
also require one of the non-heme components of
NOS.478

Recently Campos et al. investigated the first reac-
tion under single-turnover conditions in the absence
of NADPH, which is absolutely required for the
second step.#”® Conversion of 0.16 equiv of L-[3H]-
arginine to L-[*H]NHA by stoichiometric amounts of
rat brain NOS was observed, in an O,- and Ca?*/
CaM-dependent reaction. Added BH, stimulated the
reaction 3-fold, while CO and ferricyanide inhibited
the reaction. While ferricyanide is known to oxidize
BH, rapidly (section 111.B.4) the addition of more BH,4
to ferricyanide-treated NOS did not restore activity.
The authors rule out heme, flavin, NADPH, and
photoreduction as the unknown NOS-bound reduc-
tant, but not BH,4, which is present in these experi-
ments at 0.3—0.4 mol per mol of NOS subunit (i.e.,
more than the number of electron equivalents re-
quired to produce the observed amount of L-NHA).47°
A very recent report suggests that NOS reduces
g-BH: (and not 7,8-BH,) to BH, using its flavoprotein
“diaphorase” activity, which is present within the
reductase domain.*° It will be interesting to learn
if and how BH, participates in the early steps of
*NO synthesis, particularly when in the sequence of
NOS'’s chemical transformations it is most necessary.

lll. Pterin Biochemistry

A. Distribution

1. Mammalian Tissues: Biosynthesis and Salvage

BH, is a required cofactor for the aromatic amino
acid hydroxylases, glyceryl-ether monooxygenase,
and for NOS. The full complement of the three BH,-
synthesizing enzymes (Figure 18), GTP cyclohydro-
lase | (GTPCH; EC 3.5.4.16), 6-pyruvoyltetrahydro-
biopterin synthase (6-PTPS; EC 4.6.1.10), and
sepiapterin reductase (SR; EC 1.1.1.153), can be
found in a range of tissues that contain BH,: liver,
kidney, adrenal gland, thymus, spleen, bone marrow,
small intestine, heart, lung, and testis.*81482
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The salvage pathway (Figure 17) consists of
pteridine 4a-carbinolamine dehydratase (PCD, EC
4.2.1.96), the NADH-dependent dihydropteridine re-
ductase (DHPR, EC 1.6.99.7), and in a limited role,
the NADPH-dependent dihydrofolate reductase
(DHFR, EC 1.5.1.3). DHPR is not part of the normal
pathway, but is capable of reducing any 7,8-BH, that
may aberrantly form from g-BH, isomerization.*® As
can be seen in Figure 18, the BH, biosynthetic
scheme involves only reduced forms of the pyrazine
ring, which is formed from the pyrrolidine ring of
GTP by GTPCH-catalyzed ring expansion. Hence
DHPR (or DHFR) is not normally involved in de novo
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BH, biosynthesis, despite its central role in the BH,4
salvage pathway.*445 GTPCH, the “branchpoint”
enzyme, catalyzes the first committed (and rate-
limiting) step of BH, synthesis, which is the only step
of either the de novo or salvage pathway known to
be posttranslationally regulated.*86487

As would be expected, DHPR is found primarily
where its hydroxylase cofactor-regeneration role is
required: it is most prominent in brain stem, cere-
bellum, liver, kidney, adrenal gland, and small
intestine, each of which is sympathetically innervated
or performs L-Phe catabolism (ref 488 and refs 7—10
therein for activity correlations). The same is gener-
ally true of PCD, which is found in liver and kidney
but is largely absent from brain;*®® the other role of
the dehydratase is to facilitate tissue-specific tran-
scriptional activation by hepatocyte nuclear factor
10490491 It was originally referred to as PAH-
stimulating protein before the nature of its reaction
was known, since it was first recognized as a nonre-
dox stimulator of PAH activity in liver extracts.#92493

Many of the tissues that contain BH, biosynthetic
enzymes, but not DHPR, are involved in cytokine-
directed cell differentiation (i.e., hematopoiesis and
T cell proliferation),*** some of which also express
NOS when fully mature. One of the many physi-
ological roles of *NO is cell-killing mediated by the
inducible macrophage isoform of NOS. Human mono-
cytes and macrophages produce neopterin (which has
no known physiological role) after stimulation with
interferon y (INF-y),*%% which increases GTPCH
activity.*%® Neopterin appears in the urine of people
with cancer, AIDS, viral or bacterial infections,
arthritis, and lupus. Neopterin production appears
to be primarily limited to human macrophages, which
do not contain 6-PTPS.** Neopterin may be pro-
duced because the relatively low level of 6-PTPS is
saturated by its substrate, 7,8-dihydroneopterin tri-
phosphate, which is the product of GTPCH,**” and
is in turn converted into 7,8-neopterin by phos-
phatases.*®® INF-y also induces macrophage NOS,4%
which would suggest tandem induction of the com-
ponents of the BH4-iNOS complex.

Cytokines may also affect pathways that require
BH, in its hydroxylase cofactor capacity. As was
discussed in section 11.C.2, TrpH and GTPCH are
induced in parallel in SCF-treated mast cells, which
produce serotonin. In addition to INF-y, GTPCH is
activated in fibroblasts by tumor necrosis factor a,*%°
and by INF-3.34 The induction of GTPCH activity
is slow, which suggests protein synthesis may be
required. SR is induced in phytohemagglutinin-
stimulated human T lymphocytes,*** but not in
macrophages, which like the lymphocytes constitu-
tively contain large amounts of SR.4%

In contrast to the erythroid cell lines, GTPCH
appears to be constitutively expressed in liver, ad-
renal medulla, and brain,5® as the first step in the
de novo pathway for BH, biosynthesis (Figure 18).
The GTP saturation curve of mammalian GPTCH is
sigmoid, corresponding to a Hill coefficient of 2.3—
2.9.487.501 This may afford some degree of regulation,
but there is ordinarily enough GTP present in PC12
cells to activate GTPCH completely.*8” A different
regulatory interaction that may affect the activity of
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constitutive liver GTPCH is discussed in the next
section.

The next enzyme in the pathway, 6-PTPS, is found
in human liver, pituitary, and erythrocytes. Again,
6-PTPS levels appear to be so low as to be rate-
limiting in humans, where the chemical and meta-
bolic instability of 6-PTP can lead to the accumula-
tion of neopterin.®®2 In human liver or cultured liver
cells, the K, of 6-PTPS for its substrate is a relatively
high 10 uM.5035%4 The next enzyme, SR, is abundant
in many tissues. There is also a very small amount
of a 6-PTP reductase that reduces the 2'-oxo group
of 6-PTP. Its scarcity is evident from the 50000-fold
purification from human liver to homogeneity that
has been reported.>®> SR and this aldol reductase are
the only enzymes not yet associated with a form of
HPA or PKU.

As had been predicted,”% deficiency of one or
more of the BH,4-synthesizing enzymes leads to one
of a set of very rare hyperphenylalaninemias associ-
ated with grievous developmental and neurological
effects (“lethal” or “malignant” PKU). These disor-
ders do not respond to treatment with a phenylala-
nine-restricted diet.? Of these, the majority of the
263 known cases have been due to 6-PTPS deficiency
(57%), followed by DHPR (33%) and GTPCH (3%)
deficiencies. In addition, some 3% have PCD defi-
ciency (primapterinuria) and 4% unclassified atypical
PKUSs.%97508 Diagnostic procedures for each of these
conditions have been developed, most of which are
based on failure to respond to normal PKU therapy,
and biochemically, on increased excretion of ac-
cumulation and degradation products of the deficient
enzyme’s substrate.?

In contrast to malignant PKU caused by GTPCH,
6-PTPS, or DHPR deficiency, deficiency of PCD
causes a mild hyperphenylalaninemia associated
with the excretion of elevated amounts of 7-BH,
(section 111.B.6).5%°

GTPCH and DHPR are also important in folate
homeostasis, which suggests a need for additional
supplementation of folinic acid when one of these
enzymes is lacking.?® No deficiency in xanthine
oxidase occurs in GTPCH-deficient malignant PKU,
which suggests that its essential molybdopterin co-
factor is not generated, a product of de novo BH,-
biosynthesis pathway.5!! A deficiency of GTPCH
causes L-Dopa-responsive dystonia (Segawa’s disease;
Section 11.B.1) in heterozygotes.?%3

Recently <3.0 A-resolution X-ray crystal structures
of the non-cooperative®? E. coli GPTCH, rat liver
6-PTPS,%* and rat PCD/DCoH?%° have been deter-
mined, joining the older structure of rat liver DH-
PR.515

2. BH; Homeostasis

BH, has long been known as an inhibitor of PAH
activation, a role discussed particularly in section
11.LA.3.4. What has not been understood is the
complementary relationship between cofactor levels
and the fluctuating need for catabolic activity. There
is plenty of PAH capacity theoretically available in
a normal mammalian liver, and amounts of PCD and
DHPR sufficient to prevent either from rate-limiting
L-Phe hydroxylation under normal conditions. How
the constitutively expressed biosynthetic enzymes
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manage to replenish the liver’s (and perhaps brain’s)
need for BH, without accumulating a needlessly large
amount of this PAH inhibitor has been unclear.

Recently a GTPCH-binding protein, p35, was iden-
tified in the 100000g supernatant of rat liver homo-
genates. In the presence of <7 uM BH,, p35 inhibits
GTPCH in a dose-dependent manner, with ECso = 2
uM (0.1 mM GTP), and copurifies with GTPCH in
gel filtration experiments. This level of BH,4, which
gives maximal inhibition of GTPCH by p35, is close
to the liver concentration, 6—9 xM.119:500

In the absence of BH,, p35 does not bind to or
inhibit GTPCH. If phenylalanine is added to p35/
BH4/GTPCH, GTPCH activity is restored without
dissociating the p35-GTPCH complex. L-Phe has no
effect on GTPCH velocity, but 10 mM L-Phe changes
the shape of the GTP response curve from hyperbolic
to sigmoidal (Hill coefficient 1.0 — 1.85).5%® This
regulatory interaction on the rate-limiting enzyme
of BH,4 synthesis has some remarkable similarities
to the regulation of PAH by L-Phe and BH, (discussed
in sections 11.A.3.3—5). Mitnaul and Shiman have
suggested that PAHT-BH, and PAH? . might be
the negative and positive effectors, respectively, of
GTPCH and/or p35 in vivo (vide infra).

In combination with the remarkably intricate
regulatory system exerted on PAH by its substrates
(Figure 6), these protein—protein interactions might
be sufficient to explain several clinical effects of
phenylalanine loading on BH, levels, summarized by
Harada et al.:56

e An oral phenylalanine load causes an increase in
BH, levels in normal individuals.5'”

e Hyperphenylalaninemic individuals have high
BH, levels.57

e An oral phenylalanine load fails to cause an
increase in BH, levels for individuals with partially
defective BH, synthesis, indicating that phenylala-
nine might normally stimulate some component of
the BH, biosynthetic machinery.518

e Plasma phenylalanine and neopterin levels are
linked in cases of 6-PTPS deficiency, indicating that
BH, biosynthesis is activated at the level of GT-
PCH.51°

e An oral phenylalanine load increases plasma
phenylalanine (to 1 mM) in register with neopterin.5?
This level of phenylalanine is sufficient to activate
PAH directly and relieve p35-mediated inhibition of
GTPCH.

The p35 regulatory system responds to a concen-
tration of BH, that is near the concentration of the
complex formed between BH, and PAH (sections
11.A.3.4 and 11.A.3.6). This complex is dissociated
during PAH turnover, which would cause a quick rise
in the amount of available BH,, and presumably p35-
dependent GTPCH inhibition, at a time one would
expect de novo synthesis to be maximally beneficial.
At other times, it is unclear if free BH, concentrations
ever reach the amounts required to inhibit GTPCH
catalysis, especially if there is rarely an excess of BH,
over PAH available in solution. (In a related issue,
it is unclear how the pterin-dependent liver enzyme
GEM can function in the absence of free BH,.)
Mitnaul and Shiman's study of BH,-dependent PAH
regulation does not rule out the possibility (however
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unlikely) that it is the complex of BH, and PAH that
mediates p35-dependent inhibition.’*® The addition
of protein—protein interactions to this already-
complicated regulatory scheme is not yet required by
the data, but they would certainly be available in
Vvivo.

DHPR was first separated from PAH as a stable,
NADPH-oxidizing activity in sheep liver extracts that
lacked PAH.*® Sheep liver DHPR was thus the first
PAH accessory protein recognized and purified.5?!
Later work showed that DHPR is an NAD(P)H-
dependent reductase.5?? Several high-resolution crys-
tal structures of DHPR have been solved recently,
and it has been learned that the protein is structur-
ally more similar to glutathione reductase, a fla-
voprotein reductase, than DHFR.?*51% The difference
between reductase structures is intriguing, because
their substrate specificity does not overlap, despite
the similarities of their substrates. As was men-
tioned above, DHPR is specific for the 5,6-dihydro,
“guinonoid” isomer of dihydropterin, while DHFR
recognizes 7,8-XPH, and dihydrofolate.”®

Kidney contains PCD and DHPR that presumably
support the activity of the PAH located there.*? PC12
cells, and by extension the adrenal chromaffin cells,
contain inducible GTPCH which appears in tandem
with TyrH when the cells are stimulated.

The demands upon the BH,4-generating systems are
apparently less taxing in brain, which does not
contain appreciable amounts of PCD in the regions
associated with TyrH and TrpH, other than in the
pineal gland.*®® One would infer that the slower,
nonenzymatic dehydration rate is sufficient to sup-
port maximal catalysis, but it is also reasonable that
these neurons could rely upon the de novo BH,
biosynthesis pathway to a greater extent. The other
role of PCD, as the transcriptional activator DCoH,
which participates in the HNF-1la-regulated expres-
sion of genes involved in gluconeogenesis, glycolysis,
and blood clotting, probably precludes brain expres-
sion. No problems stemming from defective HNF-
la regulation that might be attributable to a mal-
functioning PCD/DCoH are as yet known in the small
number of primapterinuric (7-BHj-excreting) pa-
tients.5%

3. Other Organisms

Biopterin was first isolated as the liver factor
essential for the growth of Crithidia fasciculata,>**
an organism that may be unique in using BH, in the
synthesis of the pyrimidine precursor orotic acid.5?°
The fully ring-oxidized biopterin was isolated at
about the same time in a study of Drosophila eye
pigments.5?® Various other pteridines are found in
insect pigments, algae, E. coli DNA photolyase, and
the ubiquitous molybdopterin enzymes.57-52° (“Pter-
in” is derived from the systematic name for but-
terflies, which in turn is from the Greek word for
wing, pteron: pterins are butterfly wing pig-
ments.)530531

B. Solution Studies

1. General Properties

Much of pteridine chemistry has relied upon classic
structure-determination methods, principal among
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PH, interconversions

them UV/vis absorption spectroscopy, now supple-
mented by 'H and 13C NMR spectroscopic studies.
Characteristic absorbances have been most impor-
tant for locating the heterocyclic double bonds, which
can adopt a variety of pH-dependent tautomers when
the ring is partially reduced. Oxidized pterins have
higher wavelength absorptions than the tetrahydro-
pterins, which lack visible absorptions. The more
extensively conjugated dihydropterins are yellow,
with characteristic bathochromic shifts occurring
upon isomerization of the initial pterin oxidation
product, g-BH, (N8—H tautomer of 5,6-dihydrobiop-
terin®32533%)  to the more stable 7,8-BH,.5** This
dihydropterin rearrangement is buffer-catalyzed,
with rate-limiting C®—H bond cleavage (kn/kp values
range from 10.0 to 12.0 depending on buffer and
pH).5% (A different rearrangement occurs with 6-hy-
droxy-PH,4 and BH,,%%¢ discussed below.)

An N NMR-based absolute determination of the
tautomeric form of g-DMPH, was possible because
of the large isotope effect: g-[6,7-°H]DMPH, is stable
for >6 h at 4 °C in dilute buffer.5%3

The protonation of the nitrogens in the pterin ring
follows the same general order in the dihydro- and
tetrahydropterin series, only the latter of which is
shown (Figure 19). In addition to the equilibria
indicated in the figure, there is an additional transi-
tion at pH = —6, corresponding to protonation of the
exocyclic O* position of PH;. The PH,; pK, at 1.3
shifts to pH = —3.5 in dihydropterin but the precise
structure of the protonated species is unclear.'’?

In the crystal structures of 5-formyl-DMPH,,5%"
5-methyl-DMPH,,53 and the related 5,10-methylene-
tetrahydrofolate,53° N® and C7 are coplanar with the
flat pyrimidine ring while C® is above the plane of
the pyrimidine ring (0.84, 0.60, and 0.08 A, respec-
tively), in a hemichair conformation. In 7,8-6MPH,,
the entire pteridine ring is flat.>* The tetrahydro-
pyrazine ring of tetrahydropterins has been shown
by *H or 3C NMR to adopt two interconverting half-
chair conformations in solution,>1~%4% a conclusion
apparently at variance with the planar molecule
observed crystallographically. Depending on the
identity of the 6- and 7-substituents, coupling con-
stants indicate that the 6 side chain prefers the
equatorial position (6MPH,) or there will be rapid
interconversion between the two conformations
(DMPH4).542’544'546

A more recent *H NMR analysis of 6MPH,, 7TMPH,,
and the cis- and trans-DMPH, isomers showed un-
usually small trans 3Jyy values for all but the cis-
DMPH, (8.3—9.1 Hz vs 11.3—11.6 Hz calculated)
interpreted to arise from hyperconjugation of the
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axially oriented C'—H to the & orbital formed by N8-
C8a=C*—C*=0. These trans 3Jyy values are higher
than the ~6.8 Hz that would be expected from rapid
interconversion between axial- and equatorial-CHj3
conformations. From the effect of partial deuteration
on the NOE data and T; values of 6MPH,, 6,7-
interproton distances were calculated. By using the
differential chemical shift susceptibilities of the two
C7 protons to N° deprotonation, an additional geo-
metric constraint was obtained: the ratio of the
distances from N5 to pro-(R)-H” and to pro-(S)-H".

From this evidence, Williams and Storm reasoned
that (1) there is a single conformer of either mono-
methylated tetrahydropterin with the CH; group
preferring an equatorial position and (2) that the
tetrahydropterin ring is planar except for C85* in
agreement with the crystal structures.>*® In general,
conformational analysis of tetrahydropterins using
NMR tends to suffer from the difficulties posed by
rapid exchange at N® and N8, The possibility that
the conformational flexibility of tetrahydropterins
may be limited, and thereby able to affect its reactiv-
ity, has been raised>*%5° and discounted>®515%? in a
primarily computational vein.

Pterins can self-associate in two ways, by stacking
and by hydrogen-bond pairing. The first of these is
evident from the difficulty of dissolving some solid
pteridines in water. Dissolution generally requires
that one or more of the heterocyclic nitrogens be
protonated first, in order to disrupt strong inter-
molecular interactions. The second, and more sig-
nificant, type of dimer formation was discovered in
an NMR study of several folates. The concentration
dependence of the pK and chemical shift values for
dihydrofolate gave a dissociation constant of 39 mM
for the neutral form, with dimerization proposed to
arise from a head-to-tail aromatic stacking interac-
tion. It appears that the dimers are in rapid equi-
librium with monomers at 23 °C.53

The possibility that dimers can form in solution
allows many additional mechanistic possibilities to
enter the discussion of model pterin reactivities that
follows. As a result, some of the conclusions drawn
from solution studies are of uncertain relevance to
the enzyme—pterin complexes, where it is unlikely
that pterins can interact. Nevertheless, the studies
discussed below are useful in gauging the reactivity
of reduced pterins with oxidants and electrophiles
and understanding the chemistry of the resulting
oxidized pterins and pterin adducts.

2. Synthetic Methods

A comprehensive review of the field of pteridine
synthesis is beyond the scope of the present review,
especially since several extensive reviews are avail-
able.53%554 |nstead, Figure 20 presents a small but
significant sample of this chemistry. The key step
in the standard Gabriel—Isay methodology for syn-
thesizing pteridines,%%55% condensation of a 5,6-
diaminopyrimidine with a 1,2-dicarbonyl compound,
is indicated in Figure 20A.557 Because of the limited
substituent-directing effects of the Isay reaction used
in a majority of the syntheses of pterins from pyri-
midines, the early preference was for the sym-
metrically disubstituted DMPH, as a cofactor ana-
logue, rather than attempting to separate 6MPH,
from 7MPH4,.
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This preference for DMPH, was largely reversed
when Storm and co-workers developed a method for
selective crystallization of 6-methylpterin and 7-me-
thylpterin from the 3:1 condensation product mix-
ture,®® which remains the preferred synthetic ap-
proach. A slightly more elaborate, unambiguous
synthesis of 6MPH, (Figure 20B) was developed
shortly thereafter.5® This approach bypasses the
synthetic route through a pyrimidine that is usually
taken, at least with pterins of interest to the hy-
droxylase community. A related example of pyrazine
elaboration was provided by Eberlein and co-workers
(Figure 20C) in their synthesis of 6,6,7,7-tetrameth-
yltetrahydropterin (TMPHy,),12 which cannot isomer-
ize to the 7,8-dihydropterin because it lacks a proton
at the 6 position. 6,6-Disubstituted pterins cannot
be synthesized using Isay chemistry. Instead they
are derived from 1) methyllithium treatment of TMS-
protected 7,8-6MPH, followed by deprotection,>° (2)
the reaction of guanidine with an elaborated pyrazine
(Figure 20C),*"2 or (3) condensation of a nitropyrimi-
dine with a substituted diamine, followed by cycliza-
tion/Schiff base formation to the quinonoid dihydrop-
terin (Figure 20D).5! The last of these allows direct
chiral synthesis (in better than 99.5% enantiomeric
purity) of the 6-alkyl-PH, series, making these com-
pounds available for further study. A key step in this
case is reduction by sodium dithionite immediately
following cyclization, before the initial quinonoid

products rearrange to the achiral 7,8-dihydropter-
in.562

3. Reaction with O, and H,0,

Tetrahydropterins autooxidize fairly quickly in
aerobic neutral solutions, yielding quinonoid dihy-
dropterin and H,O,. This reaction is greatly inhib-
ited if N°® is protonated, as in the mono- or dication.
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Replacement of N° with a methylene (the strong
competitive hydroxylase inhibitor 5-deaza-6MPHy,,
Figure 21) renders the reduced pterin oxygen stable.5%3
The large increase in reduction potential (the two-
electron reduction potential vs NHE for 6MPH, =
+0.14 V, 5-deaza-6MPH, = +0.85 V; pH 9.0, 0.1 M
borate®d) is consistent with this observation.

The electron density located at N° further increases
the reactivity of the C* position, which even in
5-deazatetrahydropterin is attacked by electrophiles;
alkylation or acetylation of the N® position stabilizes
tetrahydropterins in oxygenated buffers. Calcula-
tions indicate that the maximum electron density in
tetrahydropterins is at the C*2 position, which from
all of the above evidence is proposed to be the site of
oxygen attack during nonenzymatic autooxidation
and during enzymatic hydroxylation of substrates.>*

13C NMR of relatively stable 4a-adducts of 5-deaza-
6MPH, shows little change from the parent com-
pound other than the progressive deshielding of C#2
in the OH, Cl, and Br adduct series.5®> Conforma-
tional analysis indicates that the major trans isomer
is in a pseudo-chair configuration, in which the (6S)-
methyl substituent is equatorial to avoid steric
interaction with the 4a(S)-substituent. The (6R)-
methyl cis isomer, which has the same configuration
at C® as BHy, is forced into a distorted boat confor-
mation to avoid an unfavorable 1,3-diaxial interaction
with the 4a(S)-substituent.56®

Treatment of 5-deaza-6MPH, with 1O, yields the
C“* hydroperoxide, obtained in good yield as a white
crystalline solid. This compound, a close structural
analogue of the organic hydroperoxide that has been
proposed to mediate enzymic hydroxylation, was
sufficiently stable under PAH assay conditions (ti;2
= 5 min) to be tested for its ability to hydroxylate
substrate. Such reactivity was not observed.563

The initial pteridine product of the enzymatic
reaction was investigated by incubation of the en-
zyme with [4a-*C]6MPH,4.5¢7 A single adduct reso-
nance at 72.3 ppm was observed in the 3C NMR
spectrum, under conditions that stabilize the 4a-
carbinolamine hydrate of g-6MPH; (0 °C, 20 mM Tris
pH 8.0; cold CD3sOD was added and the spectra
acquired at —30 °C).5%® This chemical shift is close
to the C*? of the reduced oxygen adduct in bacterial
luciferase (74 ppm)°®°® and in 5-acetyl-4a-hydroxy-
4a,5-dihydroflavin (71.0 ppm).57©

The configuration of the 4a-hydroxy-6MPH, prod-
uct of the hydroxylation reaction was established
using CD spectroscopy, in comparison with the
resolved diastereomers of chemically synthesized
5-deaza-4a-hydroxy-6MPH,. Absolute structural as-
signments were made using *H NMR of the 5-deaza
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Figure 22. Autooxidation of tetrahydropterins in aerobic
solutions.

diastereomers. A CD spectrum analogous to the 4a-
carbinolamine product of the enzyme reaction was
observed with 5-deaza-4a(S)-hydroxy-6(S)-methyl-
PH,, but it also closely resembled the 5-deaza-4a(S)-
hydroxy-6(R)-methyl-PH, (apparently the 6-methyl
group contributes little to the overall Cotton effect).
Loss of the CD spectrum associated with the 4a-
carbinolamine is observed in register with its dehy-
dration (k = 0.042 min™%), indicating that the ma-
jority of the signal is from the chiral alcohol. By
inference, the enzyme adds the hydroxyl group ste-
reospecifically to the si face. The source of the oxygen
atom is O,, demonstrated by enzymatic generation
of the 4a-carbinolamine of [4a-13C]6 MPH, under 80,.
A new peak, upfield-shifted by 0.023 ppm, appears
in the 13C NMR with a relative intensity that matches
the 52:48 180:1%0 ratio of the phenolic hydroxyl of the
tyrosine product.

Despite its formal classification as a monooxyge-
nase, these experiments demonstrate that both L-Phe
and 6MPH, are hydroxylated during PAH turn-
over.5"t TyrH also produces 4a-hydroxy-6MPH; as
the first diffusible pteridine product of its reaction;
it has been presumed that the cofactor oxidation and
salvage proceeds in the same manner as with PAH.572

The nonenzymatic autooxidation of tetrahydrop-
terins (dihydropterins are much less susceptible than
tetrahydropterins to oxidation'®) has been proposed
to be a free-radical chain process initiated by reaction
between O, and the electron-rich C# position, in
which the O; is reduced by a single electron and a
proton dissociates from the trihydropterin radical
(Figure 22). Homolysis of the N5—H bond was ruled
out by equivalent rates in H,O and D,0.7? [Deter-
mining the stability of quinonoid dihydropterins to
oxidation is hampered by rearrangement to 7,8-
dihydropterins, which can only occur if a proton is
present at the 6-position (section 111.B.5). The half-
life of g-6,6-M;PH; in 0.1 M Tris buffer, pH 7.4, at
37 °C is 1.25 h, in aerated DMSO at ambient
temperatures is 48 h, in pH 6.8 phosphate buffer at
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ice temperature it is >100 h.51 This quinonoid
dihydropterin is not known to be subject to the
nonredox decomposition reactions shown in Figure
23. This is much slower than the autooxidation of
[6,7-°H]DMPH, in oxygenated Tris buffer, pH 7.6 at
25 °C, which has a half-life of 5.4 min (deuterated
tetrahydropterin is used to minimize rearrangement
of g-DMPH, to 7,8-DMPH,, by exploiting the large
isotope effect on that process; section 111.B.1).537]

Following the initiation lag period, the autooxida-
tion reaction is first order in O, and PH,4. It is not
stimulated by irradiation, indicating that 30, is
sufficient for the reaction, and it is slightly faster at
higher pH, which associates reactivity with increased
C“2 electron density.>”® Oxygen is consumed during
the propagation step by combining with the pterin
radical, forming a C* hydroperoxyl radical that
abstracts a hydrogen atom from another molecule of
XPH, to regenerate the trihydropterin carrier and
form a C* hydroperoxide. This hydroperoxide would
then decompose into H,O, and g-XPH,.5%* Alter-
nately, the propagation reaction could involve forma-
tion of superoxide and g-XPH; from electron transfer
of the trihydropterin radical to O,. The superoxide
would then attack XPH, to regenerate the trihydrop-
terin carrier, concomitant with H,O, formation.?573
The primary difference between these proposals is
the identity of the chain carrier, or whether an
organic hydroperoxyl radical exists. Neither of the
proposed hydroperoxide species has ever been di-
rectly observed, but the hydroperoxyl radical seems
particularly unlikely in the light of evidence dis-
cussed in the following section.

During aerobic oxidations, a steady-state level of
a red chromophore (Amax = 550 nm) appears, the
amount of which is not dependent on the Po, of the
reaction. This species is proposed to be the interme-
diate trihydropterin radical,”?> which is wine-red in
CF3COOH.5"* No organic peroxides were detected by
low-temperature TLC,”? and pterin radicals gener-
ated by other oxidants (potassium ferricyanide, 2,6-
dichlorophenolindophenol [DCIP]) were not scav-
enged by O,,%" ruling out an organic hydroperoxide
as the chain carrier.

Both XPH; and XPH, can be oxidized by H,0,, but
the reaction is much faster with XPH,; a radical
initiator may be required in each case. The product
of 6MPH, treated with H,O; in the presence of a
radical initiator is g-6MPH_, which was used in the
recently reported first direct chemical synthesis of
g-6MPH,. The procedure involves a stoichiometric
reaction of 6MPH, and H,O, (in the presence of
substoichiometric KI) in H,O at 0 °C, from which
crystalline g-6MPH; immediately precipitates.>’® This
transformation is probably not relevant to pterin
oxidations under physiological conditions.

Interestingly, whether the oxidation is by chemical
or enzymatic means, the initial product of tetrahy-
dropterin oxidation is invariably the quinonoid (or
its hydrate, the 4a-carbinolamine), rather than the
more stable 7,8-dihydropterin. It has been suggested
that the greater resemblance of the half-chair solu-
tion conformation inferred for the quinonoid species
to that of the tetrahydropterin, in comparison with
the flat 7,8-dihydropterin, is the cause of this prefer-
ence.’” Direct evidence depicting the requirements
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for XPH, binding comes from crystal structures of
DHPR, which discriminates between the two isomers.
The structures of wild-type and mutant DHPR indi-
cate that the quinonoid pterin binds at a site partially
comprised of the nicotinamide portion of the NADH
cofactor (which interacts with N°), and the phenolic
hydroxyl of Tyr146 (which interacts with 0?).578
Presumably the alteration in the conformation (or
basicity in the latter case, due to protonation of N1)
of these positions is sufficient to preclude binding of
7,8-XPHo,.

In studies of DHPR, it is necessary to oxidize
tetrahydropterins cleanly to their quinonoid forms.
Frequently the H,O./peroxidase system is used to
generate a continuous level of quinonoid dihydrop-
terins,??2 which can also be formed by 2,6-dichlo-
rophenolindophenol, KsFe(CN)g, or ferricytochrome
¢. Hydroxylase-generated 4a-carbinolamine dihy-
dropterins are not substrates for DHPR."®

4. Pterin Radicals

Some evidence for the formation of pterin radicals
has been obtained by studying the oxidation of
tetrahydropterins under conditions far removed from
physiologically relevant pH and temperature values.
Often the studies involve isolated pteridines, which
means that the species generated are free to dimer-
ize, etc., which they are not able to do as part of the
guaternary reaction complex formed during hydroxy-
lation (section I11.B.1). When exposed to radical
initiators, a trihydropterin radical is generated that
no longer is subject to the singlet-triplet barrier that
reduces the reactivity of reduced pterins with O,. As
will be demonstrated, the loss of this barrier allows
the thermodynamically favorable 2 e~ reduction of
O, by XPH, (vide infra). Under such conditions,
tetrahydropterin alone can cause the nonspecific
hydroxylation of phenylalanine and other compounds
in low yields that are not associated with an NIH
shift and other features of the enzymatic reaction.5"®

Bobst generated an EPR-active organic radical by
mixing either PH4 or THF with 1—-1.3 equiv of H,0;
at room temperature in a 6:1 mixture of CF;COOH/
CH3;OH. The EPR spectrum, acquired at liquid N
temperature, shows an unresolved hyperfine coupling
to N.5% The calculated spin density was located
primarily on N° in the cationic trihydropterin radi-
cal®" as it was for the N5-methyl analogue.>® These
results were confirmed and extended by H,O, treat-
ment of a range of pterins and pteridines, most of
which contained N-methyl groups at various posi-
tions. The slow-developing yellow or red color per-
sisted at room temperature for up to 30 min in
CF3COOH, suggesting a slow disproportionation rate
for the generation of reduced and oxidized pterins
under the conditions. It should be noted, however,
that the authors did not identify the final pterin
species present at the end of the reaction, so the
occurrence of disproportionation is still an open issue.
Experimental N° spin densities of the trihydropterin
radical cations ranged from 0.31 to 0.53, somewhat
more than the 0.26—0.44 observed for the mono-
hydropterin radical cations.58!

The relationship between the single-electron oxida-
tion of reduced pterins and the rapid two-electron
oxidation of XPH,4 by H,O; in the synthesis of g-XPH,
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is unclear. Pterin radicals have only been studied
under highly acidic conditions. At higher pH, the
nearly instantaneous two-electron oxidation of XPH,
by H,O, (which may require a radical initiator) would
prevail. By extension, for the enzymes to employ
discrete pterin radicals, extensive protonation of the
enzyme-bound XPH, would be required. These issues
have not been confronted in mechanistic proposals
for the aromatic amino acid hydroxylases that include
discrete pterin radicals.5° In large measure, the
chemical resemblance between the cofactors of the
unambiguously radical-based flavin-dependent hy-
droxylases and the pterin-dependent hydroxylases
has encouraged these ideas. Of course, the presence
of an additional conjugated ring in flavins greatly
increases the opportunities for resonance stabiliza-
tion of radicals in the central piperazine ring (espe-
cially if N° is also alkylated®®?). The peak-to-peak
separation of the two-electron reduction of lumiflavin
is 120 mV at pH 7.0, Kcomproportionation &~ 1 x 102, which
indicates a moderately stable radical .58 These simi-
larities and differences are discussed in the following
section.

Anaerobic treatment of DMPH, with ferricyanide,
a single-electron oxidant, results in rapid formation
of g-DMPH,, which is 300-fold faster when a group
with pK, ~ 5.6 is deprotonated (at pH 8, 25 °C, the
rate is 1.6 x 108 M1 s1). This titrable group is
probably N®, which reemphasizes its importance in
determining the redox potential and reactivity of
tetrahydropterins. The second electron transfer and
the loss of two protons were faster than the initial
one-electron loss. Oxidation of DMPH, with the two-
electron oxidant DCIP shows a 10-fold rate increase
upon increasing the pH from 8.7 to 10.4. These
investigators saw similar oxidations if ferric am-
monium sulfate was substituted for the ferricyanide,
again with a 2:1 Fe:DMPH, stoichiometry.5"®

A direct interaction of the iron site and the pterin
was proposed to occur in the aromatic amino acid
hydroxylases, originally envisioned as a direct Fe—
NS interaction that leads to one-electron oxidation of
the pterin ring, activating it for oxygen attack. In
this early proposal, the interaction with O, was
originally proposed to generate HO®, a very reactive
species capable hydroxylating substrates.>®° Subse-
guent to that, it was realized (1) that the chemistry
of PAH is inconsistent with HO* formation (discussed
in sections I11.A.5, 111.A.6, and 111.B), and (2) that
the hydroxylases require ferrous iron for activity and
do not form ferric iron during normal turnover (once
every ~150 turnovers ferric PAH is formed!*6), which
vitiate the original proposal.

During the initial studies with the apparently
copper-containing atypical PAH from C. violaceum,
analogous mechanisms featuring Cu—tetrahydrop-
terin complex formation were proposed.'®? An un-
supported, isolated copper center is unlikely to
generate a higher valent species than Cu®* in the
biological milieu, and as such is incapable of forming
a multiply bonded species with oxygen atoms because
of its filled #* molecular orbitals (i.e., “Cu'V=0").584
On the other hand, Cu?" is known from model
chemistry to coordinate the N° position in pterin
analogues,>8-58 and DMPH, was demonstrated by
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multifrequency EPR to form a Cu?*—N® adduct in C.
violaceum PAH.182

A depiction of the thermodynamics of interaction
of O, (or its reduced forms) with tetrahydropterin and
its oxidized forms can be developed using electro-
chemistry. This can in turn be used to delimit
possible outcomes of the O,—6MPH, interaction. The
instability of the initial quinonoid oxidation product
to 7,8-dihydropterin formation requires that a stable
quinonoid be employed in such studies. 6,6,7,7-
Tetramethyl-5,6,7,8-tetrahydropterin (TMPH,) was
synthesized for this purpose, since it lacks a C® proton
and should yield a stable quinonoid form. This
compound is otherwise an ordinary tetrahydropterin,
with familiar UV/vis features useful in determining
that the pK, values were nearly identical to the
commonly used tetrahydropterins.'’?

As predicted, the quinonoid form (gq-TMPH,) was
stable, although a slow ring contraction/decarboxy-
lation process was observed (vide infra). This process
did not preclude reversible electrochemistry, which
was observed across a wide range of pH values. At
all tested acidities, the single-wave, two-electron
redox process was >98% reversible; the peak separa-
tion was 60—90 mV between pH 2.0 and —4.33. On
the time scale of the cyclic voltammetry (2 mV s™1),
the reduction is slow under acidic conditions (pH =
—6.6); oxidation is slow at neutral pH values (>5.8).
Standard two-electron redox potentials were deter-
mined: E° = +570 mV, E® = +106 mV vs NHE, or
35—60 mV lower than for DMPH,, 6MPH,, and THF.
From the E®, the overall four-electron reduction of
O, by TMPH, to yield g-TMPH; and HO is favorable,
with AE = +660 mV (AG° = —64 kJ mol™?) at pH
6.8.

While the blue semiquinone radical (TMPHj3) was
not observed electrochemically, it could be formed by
mixing equimolar amounts of the fully reduced
TMPH, and the electrochemically two-electron oxi-
dized TMPH; and detected by either optical (2 mM
final [TMPH,], 1 M HCI) or EPR (14 mM final
[TMPH,], in 2:1 MeOH:CH3;COOH, or 30 mM final
[TMPH,] in CF3COOH) methods. Quantitation using
an approximate extinction coefficient at 475 nm or
spin double integration yielded comproportionation
equilibrium constants of 3.1 x 1077 and 7.1 x 1077,
respectively. These values indicate that the pterin
radical is much less stable than the comparable flavin
radical, 107-fold at pH 1.0 (10%-fold at pH 7.0). The
thermodynamics controlling TMPH, autooxidation
and formation of reduced O, species can then be
calculated:

reaction (2 e7) AEPHLO AGOPHLO

TMPH4 + O, — g-TMPH; + H,0, +177 mV  —17 kJ mol*
TMPH4 + Oz — *TMPH3 + Oy~ —765mV +74 kJ mol~?

The observed rate for TMPH,; + 05,5 x 1073 M1 s71
at pH 1.0, yields a AG* = +86 kJ M~L. Since AG® <
AG* for both the one-electron and two-electron trans-
fers, either reaction is thermodynamically feasible.
The highly endergonic one-electron process predicts
a diffusion-limited collapse into a semiquinone—
superoxide radical pair (4a-hydroperoxy-TMPH) fol-
lowing the rate-limiting electron-transfer step.1’? This
is thought to be analogous to the oxidation of an
isolated FIH; by O; free in solution, flavins are more
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Figure 23. Decomposition of dihydropterins.

reactive with O, because of the greater stability of
the FIHe radical (section 111.C.1).58°

The intermediacy of pterin radicals has also been
invoked in the obligate prereduction of PAH by
6MPH, or BH,.116

5. Dihydropterin Rearrangements

The preferred tautomer of g-6MPH; is the ortho
(endo para) tautomer, determined by absorption and
reactivity studies of various DMPH, derivatives®3?
and in low-temperature *H and N NMR studies
performed in dilute buffers, conditions that minimize
rearrangement to 7,8-6MPH, (Figure 23A).53350 The
ortho-quinonoid structures generated by oxidation
are quite susceptible to hydrolysis or rearrangements
other than the q-6MPH; — 7,8-6MPH, isomerization
that is blocked by 6,6-dialkylation. Figure 23 shows
several decomposition pathways available to ortho-
quinonoid dihydropterins, which are generated by
two-electron oxidation.

The first four transformations clearly arise from
the same pattern of endocyclic double bond rear-
rangement. The reaction of Figure 23B was discov-
ered in a study of the g-BH, — 7,8-BH; reaction,
which was thought to be unusually rapid because of
the biphasic kinetics observed with DHPR and g-BH;
formed by peroxidase-catalyzed oxidation (with either
H,0O, or O,). Degradation of the quinonoid species
does not have a large C®—H/D isotope effect, unlike
the q-6MPH, — 7,8-6MPH, conversion mentioned
above. Armarego and co-workers observed that
oxidized BH, forms 7,8-PH,, as depicted in Figure
23B. This follows formation of 7,8-BH,, which is in
equilibrium with its 5,6-hydrate. Subsequent rear-
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rangement of the 6-hydroxy-7,8-BH, to a quinonoid
configuration is envisioned to precede the loss of the
6 side chain, forming 6-hydroxy-7,8-PH,. (Side chain
loss can be avoided with DTT-coupled hydroxylase
assays, in which the oxidized biopterin is quickly
rereduced.) This can continue to oxidize to the C®
ketone, 7,8-dihydroxanthopterin,>%¢ a pteridine ex-
creted in large amounts by patients with DHPR
deficiency.>®! The reaction of Figure 23C is important
in a like manner for the chemistry of oxidized folate
and may be one reason that thymidylate synthase
does not generate a quinonoid dihydrofolate (vide
infra). The reaction of Figure 23E is not known for
other pterins (including g-6,6-M;PH.), so it may also
stem from a different aspect of the thwarted isomer-
ization to 7,8-PH,. It may arise from a rearrange-
ment of the quinonoid hydrate, the 4a-carbinolamine,
which would be a mechanistic complement to the
formation of 7-BH, discussed below. Current render-
ings of that rearrangement require fissioning of the
C*—N° bond, giving a ring-opened BH,, which might
not be possible in g-TMPH,. The reaction of Figure
23E occurs with both pterin'’ and flavin®%25% com-
pounds and has an analogue in alloxane hydrolysis.>
It was discovered because crystalline g-TMPH; stored
in moist air develops a blue color, indicating forma-
tion of the semiquinone *TMPH3. The authors reason
that this is due to formation of TMPH, from the
reduced, ring-contracted product (the tetramethy-
lated 2-amino-1H-imidazo[4,5-b]piperazine), which
reacts with g-TMPH; to generate *“TMPH3;. [Whether
this contaminant is present in the mixtures used to
generate the EPR-detectable species was not ad-
dressed. It is worth reiterating that Eberlein et al.
report that the pterin radical obtained by compro-
portionation is colored blue (like the flavin semi-
quinone radical),'”?> while Bobst reports a red color
for the peroxide-generated radical.>’#] The rate of the
reaction depicted in Figure 23E depends upon depro-
tonation of two groups with pK, values of 5.56 and
10.43.5%

The reaction of Figure 23F occurs with several
5-alkyltetrahydropterins and -folates in aerobic, basic
media. The incorporation of an atom of oxygen into
the pyrazino-s-triazine product is proposed to follow
an initial O, attack at the C* position.5%5%7 The
structure of the product was verified by X-Ray
crystallography of the acetyl derivative.5%8

Reactions with nucleophiles have been used to
probe the reactivity of several analogues of biopterin.
A crystallographically characterized spiro-lactam is
formed from the 4a-hydroxy-5-deaza-6MPH, after it
is treated with methoxylamine or semicarbazide, but
it is not clear what the mechanism of this rearrange-
ment might be. Possibilities include (1) attack by the
C*-hydroxy group on C? (Figure 24A), which has
some mechanistic precedence, and (2) addition of the
nucleophile to the C8 position (Figure 24B),%2 which
has a precedent in the reactions of flavins with
nucleophiles.5? Treatment of g-TMPH, with meth-
oxylamine in acidic solution leads to displacement of
the exocyclic amino group. The crystal structure of
this adduct indicates that the presence of an exocyclic
methoxylimine analogous to the disfavored exo para
tautomer of quinonoid dihydropterin.>®®
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Figure 24. Rearrangements of hydroxylated pterins.

6. Formation of 7-BH,. Primapterinuria and Vitiligo

A rare form of HPA is associated with the excretion
of large amounts of 7-(dihydroxypropyl)pterin, or
primapterin. This is a rather benign condition
detected as a result of HPA screening. Several of the
rearrangements discussed above may be relevant to
the formation of this metabolite.

Dhondt and co-workers identified a mild-HPA
patient who excreted a blue fluorescent compound in
his urine, which was also present in cerebrospinal
fluid. A dose of BH, caused depletion of phenylala-
nine from his blood, indicating normal PAH was
present, but the neopterin/biopterin ratio was 10
times normal.>® Permanganate-oxidized urine from
this patient contained a mixture of 6- and 7-carboxy-
pterin, which indicated that primapterin (the oxi-
dized form of 7-BH,) was present in urine, a sup-
position confirmed by GC—MS and HPLC analyses
in comparison with authentic primapterin. Prima-
pterin was also identified in normal human urine,
but it is present at 13-fold lower levels than in the
affected patient.6® Once the possibility that bacterial
intestinal flora perform this conversion was ruled out,
it became clear that the formation of 7-BH, was due
to abnormal metabolism.®®* Normal GTPCH, 6-PTPS,
SR, and DHPR activities were found in peripheral
blood cells of the affected patient, and the 2% of
7-substituted pterins formed by GTPCH was no
higher than controls. This small amount of 7-dihy-
droneopterin triphosphate was not metabolized by
subsequent enzymes, which at a stroke indicates the
de novo biosynthesis pathway is normal, and that the
entity responsible for 7-BH, formation must reside
in the liver.

Curtius et al. demonstrated that small amounts of
7-substituted pterins were formed by incubations of
PAH under turnover conditions with 6-BH,, but only
in the absence of PCD.%% Smaller amounts of anap-
terin, the 7-substituted homologue of neopterin that
also appears in urine, were also formed in vitro in
the absence of the dehydratase. The mechanism
depicted in Figure 25 was proposed, in which forma-
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Figure 25. Proposed rearrangement of 4a-hydroxy-BH,
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tion of 7-substituted pterin can results from a pro-
longed lifetime of the 4a-carbinolamine hydroxylase
product.®%? These results were confirmed by Davis
et al., who found that 6MPH, is similarly rearranged
to a 7-substituted pterin, implying that the hydroxy-
lated sidechain does not participate in the rearrange-
ment.5%?

Chemical evidence supporting this mechanism has
been found by Ayling’s group using their stereospe-
cific synthesis of 6-substituted pterins, which can be
directed into producing 7-isomers during quinonoid
divicine cyclization step (as in Figure 20D). Nonen-
zymatic dehydration proceeds with acid catalysis and
has a marked buffer dependence, reaching a mini-
mum at pH 8.25 when the buffer concentration is
extrapolated to zero. Phosphate buffer is a particu-
larly good catalyst for the dehydration reaction,3
which may help couple PAH activity to NADH
oxidation in Nielsen's DHPR-coupled PAH assay’* by
preventing accumulation of the 4a-carbinolamine
intermediate.%*

Even though the Vnmax values determined for PAH
were identical (using an uncommon radioassay for
tyrosine formation®), the K, for 7-BH4 was 13 and
5 times that for BH,, with PAH and DHPR, respec-
tively.®% This surprising lack of a Vmax difference
probably results from the assay procedure employed;
when tyrosine formation is quantitated, 85% of
7(RS)-BHs-dependent PAH turnover is uncoupled
(i.e., one tyrosine is formed per 5.9 equiv of 7-BH,
oxidized), in stark contrast to the completely coupled
reaction with (6RS)-BH,4.5°” This is also the case for
7MPH,-dependent PAH turnover.5%

A more extensive Kinetic study of 7-BH, with all
three aromatic amino acid hydroxylases showed it
was a strong competitive inhibitor of BH,-dependent
PAH activity when tyrosine formation was monitored
(I1Cs0 = 5 uM), but had a much weaker effect on TyrH
or TrpH activity (ICso = 0.5 mM). Monitoring NADH
oxidation, the 7-BHj-supported PAH reaction showed
a Kn about 20 times that of BH,, except with
cooperativity at low [L-Phe] and substrate inhibition
at high [L-Phe]. This would appear to suggest that,
like BH,4, 7-BH, is able to inhibit the L-Phe activation
of PAH.509

Under the conditions of the Kaufman group’s
“activation” assay (section I1.A.3.5), previously un-
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activated PAH is able to oxidize 7-BH, at a rate 20
times that of BH,, under conditions where the
6MPH,-/BH -dependent velocity ratio is 41. In the
fully preactivated PAH controls with BH,, the rate
of NADH oxidation is 24 times higher (L-Phe activa-
tion), but is about the same with 6MPH, or 7-BH,4.6%°
This result, which indicates that 7-BH, fails to inhibit
L-Phe activation over the course of the assay, is
apparently inconsistent with the observation of co-
operativity in 7-BHs-supported turnover.

It is important to remember that mostly uncoupled
turnover was monitored in these experiments. One
must assume that the NADH oxidation rates ob-
served reflect a fixed uncoupling ratio, across a range
of phenylalanine concentrations, in order to infer
anything about the rate of tyrosine formation. In
other words, the partitioning between productive and
dissipative tetrahydropterin oxidation, which cannot
be distinguished in the NADH-coupled assay, is
inferred to be constant over a range of conditions.
Particularly in the low [L-Phe] range, where PAH
may only be partially activated, this is a weak
assumption. For instance, exposure of the active site
or stimulation of tetrahydropterin oxidase activity
may occur at a phenylalanine concentration insuf-
ficient to activate PAH. [The active site of PAH is
solvent accessible even when the enzyme is inits T
state, as is evidenced by the rapid binding of cat-
echols to the ferric form of the enzyme, and perhaps
the binding of tetrahydropterins during reduction of
the active-site iron (if the pterin binding site used
for reduction overlaps the active-site pterin-binding
pocket).1*® The observation of accessibility to portions
of the active site's binding pocket does not indicate
that the T — R state conformational changes required
for catalytic competence have occurred.] This puts
significant reservations on the relevance of the sig-
moidal part of the velocity curve.

These considerations do not detract from the
separate observation of 7-BH, inhibition of BH,-
supported tyrosine formation, which appears to occur
at the same concentration of 7-BH, regardless of
whether the enzyme was first preincubated with
L-Phe or not. Competitive inhibition of PAH-depend-
ent tyrosine formation by 7-BH, occurs under high
phenylalanine conditions, but not at the more physi-
ologically relevant 60 uM [L-Phe].6®® Among all of the
data presented by Davis et al. there is no evidence
for an interaction of 7-BH, with PAHT that causes
allosteric inhibition like that which is seen with the
natural substrate. All of the results seem to indicate
that 7-BHy, is a particularly poor cofactor and thereby
a steady-state competitive inhibitor vs BH, for PAH.
In the same study, phosphorylation of TyrH was
observed to lower the 1Cs, for 7-BH4 from 2.2 mM to
0.48 mM. The ICsy for TrpH was 3.3 mM.8%9

Normally the liver content of PCD is about one-
fourth that of PAH on the basis of milligrams per
grams tissue,’74% which given the ~4-fold larger
molecular weight of PAH means there are approxi-
mately equimolar amounts present. The Vpax for
PCD is 9.8 s7t in vitro ((6S)-MPH,, pH 7.4, 10 °C),
rising to 50—90 s™! at 37 °C.5%* The rate of L-Phe
clearance in an intact rat treated with 25 times the
normal [L-Phe] (typical dietary loads increase human
[L-Phe] by 2—3 fold) is =5 uM s~1, which requires a
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Table 7. Kinetic Parameters of PCD
wt Cc81s C81R

parameter (4 °C, pH 8.5) PCD PCD PCD
Vmax (nmol min~1, 1 uM PCD) 76 52 <20
Km (uM 4a-OH-6,6-M,PH;, direct) 83 80 (>2007?)
Km (uM PCD, PAH-coupled) 0.039 0.052 0.62

rate of dehydration of 50—130 s (i.e., ~102 higher
than the spontaneous dehydration rate) if 99% of the
cofactor is to be kept reduced. Thus the rate of PCD-
catalyzed dehydration appears to be adequate (and
necessary) to support the rate of BH,4 recycling
required during L-Phe hydroxylation.1°

By using the cloned gene for PCD,*%° the alleles of
a family with a primapterinuric-HPA-affected child
(whose blood [L-Phe] = 700 M) were probed. Two
different mutations in the 104-residue PCD were
identified in the heterozygous parents, each of which
the affected boy had inherited: E87Ter and C82R.50°
The loss of the single Cys residue present in PCD
was particularly provocative and immediately sug-
gested the outlines of a working model for the
dehydratase, which was envisioned to involve nu-
cleophilic catalysis, perhaps in analogy to the pro-
pensity of thiol reagents to attack oxidized pterins
at CSa_SGS

Koster and co-workers studied the pterin affinity
of wild-type and mutant recombinant human PCD,
assayed by guenching of the PCD Trp fluorescence.!!
The highest affinity for a pterin is for the stable g-6,6-
M2PH,; (0.9 uM), while the K4 is 20 uM for 7,8-BH;
and BH,. The primapterinuria-associated C81R
mutant showed no difference in affinity for g-6,6-M-
PH_, but C81S has a Kq = 20 uM. No evidence of
product inhibition by g-6,6-M,PH, was detected.5!

Starting from an appropriately substituted pyri-
midine quinone like the one depicted in Figure 20D,
either 4a-hydroxy-6MPH; or 4a-hydroxy-6,6-M,PH,
can be prepared by forming the Schiff base at pH 9.0,
which yields the C*3 N>-hydrate instead of the quino-
noid form in an adaptation of the synthesis developed
by Bailey et al.>62610 This procedure was used to
prepare the substrate for the recombinant PCD
enzymes, which were studied at 4 °C to minimize the
background rate (about 1 min~! under the conditions
of the table). Assays were either direct, in which the
formation of g-6,6-M,PH; was monitored, or coupled
to PAH catalysis, in which the fold stimulation of
PAH is determined as Vimax.**® The PAH-coupled Vmax
determinations gave about the same degree of stimu-
lation (9.5—12-fold) for all three PCD variants. As
can be seen (Table 7), the usually conservative
replacement of Cys81 with Ser did not perturb the
dehydratase activity, but the kinetic properties of the
primapterinuria mutant C81R are noticeably poorer,
especially the ~10-fold higher K, in the coupled
assay.

Precise values for the direct assay of the C81R
mutant cannot be determined from the k. vs [4a-
hydroxy-6,6-M,PHj5] plot, which is insufficiently satu-
rated at <140 uM substrate. Cys81 is not involved
in the tetramerization of the protein, as determined
by a comparative cross-linking study. Significantly,
the inclusion of either wild-type PCD or C81R in PAH
mixtures obliterated the ~7% 7-substituted pterin
formation that results from PAH catalysis in the
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absence of PCD. Estimates of the temperature
dependence suggest that at 37 °C, the wild-type Vmax
(pH 8.5, direct assay) will be ~500—600 s™t. The
authors conclude that while the limited catalytic
capacity of the C81R mutant is sufficient to account
for the rate limitation of PAH by aberrant PCD, the
ability of the mutant protein to suppress 7-BH,
formation suggests a different, unknown functional
origin for primapterinuria.t!

Ayling’s group has recently determined detailed
kinetic and thermodynamic parameters for the rat
liver enzyme, using preparations chiral at their
6-methyl or 6-propyl groups.603604610 |n contrast to
the findings of Koster et al.,%!! substrate inhibition
was observed in the absence of NADH/DHPR with
4a-hydroxy-(6S)-XPH, as substrate (the “natural”
enantiomer at C6), which was competitive with K, =
1.5 (X = methyl) or 0.7 (X = propyl). No inhibition
was observed with 7,8-BH,, (6R)-BH4, or (6RS)-BH,4
below 0.2 mM.604

4a-Hydroxy-BH; can cyclize into a product tenta-
tively identified as 02',4a-cyclic-(6R)-BH,4, which
contains a six-membered ring derived from conden-
sation of the dihydroxypropyl side chain with the 4a-
hydroxy group, and is dehydrated by PCD at a rate
1-2% that of the 4a-hydroxy-BH,.6% Appearance of
this relatively stable product prevented a highly
accurate assessment of the kinetic properties of 4a-
hydroxy-BH;, but they are not very different from the
parameters for 4a-hydroxy-(6S)-MPH; at 10 °C: Vmax
=9.8s1(pH 7.4),3.3571 (pH 8.4); K, = 2.5 uM (both
pH values). At 37 °C, the Vax Values rise to 53 and
18 s for 4a-hydroxy-(6S)-MPH, at pH 7.4 and 8.4.5%
Note that these values are quite dissimilar to those
determined by Kdoster et al., who used 4a-hydroxy-
6,6-M,PH, as substrate.®” No biphasic plots were
observed with the chemically synthesized 4a(RS)-
hydroxypterins, indicating that both isomers were
dehydrated at the same rate, and there was only a
small decrease in the dehydration efficiency of the
unnatural 6(S)-methyl isomer. In addition, Rebrin
et al. did not observe any effect of PAH on the K
and Vmax values of the dehydratase, or vice versa,
even if large amounts (0.4 mM) of the PAH product
analogue m-fluoro-tyrosine were added (m-fluoro-
phenylalanine is a good substrate for PAH).8%* Ad-
dition of the PAH product analogue would be ex-
pected to enhance the effectiveness of product inhi-
bition by 4a-carbinolamine, if it dissociates first from
the (PAH-tyr-4a-OH-BH,) complex. This applied for
PAH assays with up to 0.4 mM 4a-hydroxy-BH, or
0.8 mM 4a-hydroxy-(6RS)-MPH,.6%

Another association of 7-BH, with human health
is found in the skin depigmentation disorder vitiligo,
a common condition worldwide (0.5—2% incidence)
and in particular on the Indian subcontinent (inci-
dence rates range up to 8%).4

Vitiligo lesions are detected by their blue, biopterin-
derived fluorescence under long-wavelength UV (UVB)
illumination, which is quenched in normal skin by
melanin. The epidermis contains melanocytes and
keratinocytes, which surround the melanocytes and
produce catecholamines. While melanocytes may be
present in vitiligo lesions, they do not contain the
pigment melanin, produced following tyrosine oxida-
tion by tyrosinase. Schallreuter et al. discovered
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PAH activity in human epidermis, in both melano-
cytes and keratinocytes, which also contain TyrH.
Normal epidermal cells contain GTPCH and PCD, as
well as both 6- and 7-BH,, and it appears that both
the BH,4 de novo and salvage pathways are present.
The amounts of GTPCH, PAH, and total BH, are
higher in darker skin, which is consistent with their
importance in maintaining pigmentation.t2 Fur-
thermore, PKU patients are often hypopigmented, as
are the animal models for that condition, where there
are systemic deficiencies in the supply of L-Tyr.%¢ In
contrast, PAH and GTPCH activities are not signifi-
cantly different in affected vitiligo lesions, but the
PCD activity is dramatically lower in affected epi-
dermis, particularly in melanocytes.

The relative amounts of 7-BH, are higher in
vitiliginous skin, which suggests inhibition of PAH
by primapterin. Removal of total biopterin from
vitiliginous cell extract by gel filtration resulted in a
7-fold stimulation of PAH activity, which was dimin-
ished again by the addition of 7-BH4. As a result,
the authors propose that the mechanism of depig-
mentation in vitiligo may be due to inhibition of PAH
activity by primapterin, formed as a result of PCD
deficiency in keratinocytes. This blocks the supply
of L-Tyr and thereby stops melanin biosynthesis.®'2

A specific binding site for BH, has recently been
identified on the copper oxidase tyrosinase, which is
not known to depend upon pterins, that may also
contribute to lowering its activity.®'® Alternatively,
the formation of H,O, in the uncoupled turnover
reaction might mediate toxic effects; vitiligo has been
associated with high concentrations of H,O, and low
levels of catalase."* A preliminary report of treat-
ment with “pseudocatalase” (a patented, “low-molec-
ular-weight coordination complex which is more
active ... than catalase itself”), in combination with
calcium and UVB irradiation, resulted in improve-
ment in 90% of the 33 vitiligo patients examined and
prevented further active depigmentation in all.6*

High levels of primapterin are only associated with
the progressive form of vitiligo and not with the
stable form of the disease. The dual role of PCD as
a homeobox transcriptional regulator may contribute
to this form of vitiligo, since the PNMT (involved in
norepinephrine synthesis) and tyrosinase genes have
upstream sequences that resemble the HNF-1 con-
sensus sequence. This leads to the interesting specu-
lation that different defects in a single protein, which
affect either its biochemical or regulatory functions,
might cause different forms of a single disease by
distinct mechanisms.*®

C. Relationship to Other Cofactors and
Coenzymes

1. Flavins

Flavin-dependent proteins include some electron-
transfer proteins,5% firefly luciferase,®” oxidases, and
monooxygenases.®® Flavoprotein oxidases, which are
typically dehydrogenases, produce H,O, from O;
monooxygenases form a hydroxylated product and
H,O. The monooxygenases are separable into the
internal monooxygenases, in which the substrate is
the source of the reducing equivalent and the product
is decarboxylated, and the external monooxygenases
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(hydroxylases), in which NAD(P)H is the source of
electrons. The hydroxylases are ubiquitous, particu-
larly in microorganisms, which use them in an
assimilatory role.

All oxidized flavoproteins have a bright yellow
color, conferred by the isoalloxazine ring, which has
allowed detailed investigation of their mechanisms.
The hydroxylases harness the ability of the flavin
cofactor to activate O, for hydroxylation of an aro-
matic substrate, which is invariably “activated” by
other functionalities (e.g., p-hydroxybenzoate hy-
droxylase, PHBH, EC 1.14.13.2). In most studies of
the oxidative half-reaction of these enzymes, the
reduced enzyme (prepared by dithionite treatment
or by photoreduction, using EDTA as an electron
source®19620) js mixed with the aromatic substrate
prior to the admission of O,, because of the rapid
reaction between oxygen and E:Flyeq. When E-Fleq4*
PHB is mixed with O, an intermediate with Ama at
385 nm appears with a rate that has a second-order
dependence on pO,. Its similarity to the absorbance
spectrum of N35-dimethylhydroperoxylumiflavin (Amax
= 374 nm in MeOH)%° suggests that it is the
4a-hydroperoxyflavin intermediate.5?27%2* No direct
evidence has ever been obtained for formation of an
analogous 4a-hydroperoxypterin species during pterin-
dependent hydroxylations (section 1V.A.2).

The flavin monooxygenases have some important
differences from the pterin-dependent monooxyge-
nases, including the lower reactivity of the hydroxy-
lating intermediate and the lack of an NIH shift with
the flavoenzymes. As will be discussed in section
I11.A.5, the NIH shift has been regarded as evidence
for arene oxide formation, which might not be neces-
sary for conversion of the activated aromatic sub-
strates of flavoprotein hydroxylases.

With the lone exception of luciferase, flavins appear
to be tightly associated prosthetic groups rather than
diffusible cofactors like the tetrahydropterins. The
most obvious and functionally significant distinction
between pterins and flavins is the orders of magni-
tude more sluggish reaction of tetrahydropterins with
0,.5% The reaction of XPH, with O, in neutral buffer
solutions is much slower than the enzymatic utiliza-
tion of O,. At pH 7.0, 25 °C, and under saturating
0., the turnover number for PAH is ~10 s7%, a 107-
fold acceleration over the autooxidation of XPH,,
which occurs with a pseudo-first order rate constant
of ~107¢ s71. These should be compared to the high
rate of reaction of O, with the flavoenzyme cyclo-
hexanone monooxygenase (=3 x 107 s7%), and FIH;
in solution (250 M~ s71;%89 ~0.1 s under the above
conditions). The rate of O, reaction with FIH* is ~108
M~1 571625 50 it is unsurprising that flavodoxin, and
other radical-generating flavoproteins, effectively
isolate the isoalloxazine ring from contact with solu-
tion (and hence O,).516

2. Folates

Folates differ in structure from pterin only in the
identity of the substituent at the 6-position, and yet
there is extremely little overlap in the functional
identities of these two cofactors. Folate-dependent
enzymes function as “one-carbon” transferring agents
in a number of biosynthetic systems, using the
imidazolone-containing 5,10-methylene-THF (5,10-
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CH,-THF) as cofactor. Depending on the enzyme,
ring opening is followed by transfer of the methylene
group at the oxidation level of formaldehyde (e.g.,
serine hydroxymethyltransferase, EC 2.1.2.1) or for-
mate (e.g., glycineamide ribonucleotide transformy-
lase, EC 2.1.2.2).546 Both of these activities have been
proposed to involve a reactive iminium (5-CH,™-THF)
intermediate formed by imidazolone ring opening.
This exocyclic methylene then undergoes group trans-
fer to the substrate, which in the case of the reverse
reaction of serine hydroxymethyltransferase is a
PLP-conjugated glycine. Neither enzyme requires a
redox role for the tetrahydropteridine ring, which is
generally the case for THF-dependent systems other
than thymidylate synthase.

5,10-CH,-THF is also reduced by methylene-
tetrahydrofolate reductase (MTHFR, EC 1.5.1.20,
1.7.99.5) to 5-CH3-THF, which functions as a methyl
group carrier. This can be envisioned to be a variant
of the iminium in which it is reduced rather than
acting as an electrophile. The N5>-methyl-THF formed
by this reaction is employed in methionine biosyn-
thesis, by the vitamin B12-dependent methionine
synthase (EC 2.1.1.13), and in tRNA maturation but
is otherwise not widely used (vide infra).

Methylation of dUMP by thymidylate synthase (EC
2.1.1.45) involves methylene transfer from 5,10-CH.-
THF at the oxidation level of formaldehyde, followed
by oxidation of the pteridine ring to 7,8-dihydrofolate.
Transfer of label from 5,10-CH,-[6-*H]THF to the
methyl group of the dTMP product is quantitative,
consistent with a hydride transfer mechanism.626.627
The 7,8-dihydrofolate produced is normally reduced
by DHFR in a step that can be blocked by one of
several antifolate chemotherapeutics (methotrexate,
5,10-dideazafolates). Note that the unstable quinon-
oid form of THF is not released into solution, where
the 6-methylamino group would undergo hydrolysis
in the manner of Figure 23C.

Initial reports®2® of folate-dependent PAH activity
were later attributed to small amounts of contami-
nating 6MPH,.5%° Hydroxylase cofactors cannot sub-
stitute for THF because they lack the N group of
the 6-aminobenzoyl moiety that is required for ring
formation. In turn, THF is evidently too large for,
or otherwise incompatible with, the hydroxylase BH,4
binding pocket. However, there are a few points of
intersection between the pterin and folate pools, the
most interesting of which is the ability of MTHFR to
reduce g-BH; to BH,4 with concomitant oxidation of
5-CHs-THF to 5,10-CH,-THF.83° This activity pro-
vides a potential escape route from the “methyl trap”
of folate metabolism, a hypothesized unproductive
accumulation of folate as 5-CH3-THF during vitamin
B12, and thereby methionine synthase, deficiency.53!

D. Cofactor Requirements
1. Biopterin Analogues and Pyrimidines

A number of different pterins are accepted by the
aromatic amino acid hydroxylases as cofactors in the
hydroxylation reaction. PAH was used to sort the
majority of the pterins into the three classes: cofac-
tors (Figure 26), inhibitors (Figure 27), and nonfunc-
tional analogues (Figure 28) that neither support nor
inhibit hydroxylation. Following that determination,
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R = H, CHg, CHs, C3Hy, CgH1a,
(0] CHQC(CH3)3, CHQOH, CH200H3,
CH20C2Hs, CHOC3H7, CHL0iPr,
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CH3CH,Ph, (CHOH)2CH,OH
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Figure 26. Pteridines and pyrimidines that function as
cofactors for hydroxylase turnover. References cited in text.

HN 8
L |
(CH)N NN
NH
R = H, oH NH2
O CHg )I CHs
N_ ,CHg j”
HN
A\J\'II -
N~ >N~ “CH
H
i N_ .cH i Ph
)\J\/‘[ I JII
SN N CH H2N/L\N NP

(o)

MNTONTON
N° cHsaPh H
o)
i NN
”fi_ Hij\/'[%
HaN" N7 NH, HNT NN

Figure 27. Inhibitors of hydroxylase turnover related to
pteridines. References cited in text.

many different pterin cofactors have been screened
with all three aromatic amino acid hydroxylases,
usually with crude preparations as the source of
enzyme, to observe the small differences among
functional cofactors (Figure 26). Note that some of
the cofactors depicted in Figure 26 will support only
a single turnover (vide infra).

In general terms, the pyrimidine portion of the
pterin ring is most essential. However, several
deviations in this part of the pterin nucleus do not
abrogate PAH activity, including monomethylation
of the exocyclic N2 group, replacement of the C*
carbonyl by an amino group, and monomethylation
of N8 (6,6,8-trimethyl-PH; is nonfunctional with
TyrH, however).5%2

Kappock and Caradonna

tetrahydrofolate
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Figure 28. Ineffective pteridine compounds. References
cited in text.

While the stereochemistry at C® is significant, both
of the isomers of BH, or its analogues are active. The
configuration of the BH, 6-dihydroxypropyl side
chain, formed by DHPR reduction, was determined
to be R.533763%5 With PAH, the natural (6R)-BH,4
isomer has a Vmax ~4 times that of the unnatural
6(S)-BH,, with no change in K, value or any uncou-
pling of cofactor oxidation from tyrosine formation
(vide infra).13°

The dihydroxypropyl side chain allows relatively
straightforward separation of the isomers of BH,.
This is not the case for 6MPH, (or other alkyltet-
rahydropterins), which was first resolved by frac-
tional crystallization.5%¢ Because of the hierarchy of
stereochemical assignments, natural BH,; has the
same configuration at C® as 6(S)-MPH4, which has a
lower Vmax With PAH and phosphorylated TyrH than
the unnatural isomer 6(R)-MPH,. However, the K,
values are such that the V. /Km values are about
equal for both isomers with both enzymes. The same
phenomenon is observed for the isomers of 6-propyl-
PHg,, in which the unnatural isomer has a higher Vpax
(PAH, 5-fold; phosphorylated TyrH ~10-fold) but also
higher K, values for both substrate and cofactor. The
multiplier for TyrH is an upper limit, because sub-
strate inhibition occurs with the natural 6(S)-propyl
isomer but not the unnatural 6(R)-propyl-PH4, which
is the most effective cofactor known for TyrH.%7

A range of 6-substituted tetrahydropterins can
function as cofactors (Figure 26), which is consistent
with the observation that the stereochemistry of the
dihydroxypropyl group (the natural diastereomeric
configuration is L-erythro, as depicted in Figure 18)
of BH, is largely irrelevant to cofactor activity with
TyrH_48,638,639

A vexatious fact of pterin chemistry is the intrinsic
instability of the quinonoid derivative to rearrange-
ment, except where the 6-position is dialkylated, as
in 6,6-M,PH,.560%61 This was mentioned above during
the discussion (section 111.B.4) of electrochemical
studies performed with the similarly stable TMPH,
(although no ring contraction has been reported with
g-6,6-M,PH;). With PAH, 6,6-M,;PH, most closely
resembles DMPH, in its kinetic properties, as both
have ~20% of theVmax of 6MPH,4 with little change
in the cofactor K, values.56?

A series of 6-alkyl-6-methyltetrahydropterins (alky!l
= methyl, ethyl, propyl, phenyl, and benzyl) were all
shown to be cofactors for TyrH (phosphorylated
TyrH: Kp, values 4—40 uM vs 60 uM for 6MPH.,; Vimax



Pterin-Dependent Amino Acid Hydroxylases

10—24% that of 6MPH,). By using crude bovine
striatal TyrH, a less-dramatic stimulation of activity
was observed following phosphorylation in assays
employing a disubstituted pterin cofactor, when
compared with its monosubstituted equivalent, lead-
ing to the proposal of steric interaction between the
pterin and phosphate group (section 11.B.3.2). The
stability of g-6,6-M,PH, allowed the determination
that “product” inhibition does not occur with PAH
(using the term loosely, since the 4a-carbinolamine
form is the initial product of the hydroxylase reac-
tions).?® Both 6MPH, and 6,6-M,PH, have been
converted into the respective 4a-carbinolamine forms,
in order to study PCD/DCoH.604610611 QObserving the
formation of a stable quinonoid dihydropterin product
from an isolable starting material in the study of this
unusual, bifunctional system has an obvious advan-
tage over previous work, which had to contend with
a conversion among unstable oxidized pterins.

The oxidation of both 6MPH, and DMPHy, is tightly
coupled to L-Tyr formation by PAH,°6% meaning that
1 equiv of cofactor is oxidized for each amino acid
hydroxylated. 6,6-M,PH, oxidation is also tightly
coupled to tyrosine formation, giving a ratio of 1.00
+ 0.08.%61 This is not the case for 7MPH,-dependent
turnover, in which 3.0 £ 0.6 equiv of tetrahydropterin
cofactor are oxidized per tyrosine formed (66% un-
coupled turnover).6%8

Uncoupling during hydroxylation of suboptimal
amino acid substrates is also observed and will be
discussed in the section on alternate substrates
(section 1V.A.8). In completely coupled turnover, the
ternary complex of enzyme, amino acid substrate,
and pterin cofactor can be imagined to be poised in a
configuration that prevents side reactions. As the
“fit” becomes poorer, uncoupling rises.

With particularly bad substrates, the artificially
activated PAH functions as a tetrahydropterin oxi-
dase, producing an equivalent of hydrogen peroxide
for each cofactor consumed.’4 This has been re-
garded as good evidence for the involvement of an
oxygen species at the peroxide redox level during
catalysis. While it is correct to state that the hy-
droxylating intermediate is capable of generating
hydrogen peroxide, this does not imply that the
intermediate itself is a peroxide. In any case, there
is disagreement about whether H,0; is formed at all
during uncoupled turnover, with directly contradic-
tory results reported by the pro%4°-642 and con'68169.572
groups. It is not known what relationship the
“uncoupled” pathway of unproductive tetrahydrop-
terin oxidation bears to the normal reaction coordi-
nate, but is of sufficient mechanistic importance to
warrant full discussion in section IV.A.7 and else-
where in section I11I.

In cases of pterin deficiency, TyrH and TrpH
activity can be quite low because of cofactor limita-
tion. Supplementation of the diet with tetrahydrop-
terin has had some success in treating atypical PKU
or Parkinson’s disease.’%®64 As is common with
other drugs, a major problem is posed by the imper-
meability of the blood—brain barrier to BH,. Chang-
ing the identity of the 6-substituent offers a means
of improving the pharmacological properties of tet-
rahydropterin without significantly compromising
cofactor activity, as well as its value in enzymological
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studies. To that end, a collection of 6-(alkoxymethyl)-
PH, (alkoxy = methyl, ethyl, propyl, isopropyl, and
butyl) cofactors displayed activity with all three
hydroxylases,*82644 as did a series of 6-alkyl-PH,4
(alkyl = methyl, ethyl, propyl, hexyl, neopentyl,
phenethyl) cofactors that were also DHPR substrates
when oxidized.545.646

There are some differences in the effectiveness of
the cofactors among the three hydroxylases reported
in these papers, as with 6-(CH,OCH(CHs;),)-PH4
(activity relative to BH,; = 15% for PAH, 137% for
TyrH, and 44% for TrpH)*? or 6-neopentyl-PH,
(activity relative to BH, = 3% for PAH, 55% for TyrH,
and ~200—300% for TrpH below 1 mM).%4¢ Not much
weight should be given to the differences between
absolute velocities in different studies. For instance,
the two groups reach drastically different conclusions
about the relative activity of 6MPHy, in their respec-
tive tissue extracts, each of which is at variance with
the values determined using purified enzymes. The
alkoxymethyl series had little ability to cross the
blood—brain barrier.64” Both 6MPH, and 6,6-M,PH,
cross the blood—brain barrier more effectively than
BH., presumably because of their more lipophilic
properties.648.649

As was mentioned above, many patients with
atypical PKU have a deficiency of DHPR, rather than
in the de novo synthesis pathway, and for these
patients enormous amounts of BH,4 or an analogue
would be required just to support the conversion of
L-Phe to L-Tyr (70—120 mg BH4; kg™ day1).650:651
However, tetrahydropterin replacement should be
effective if the de novo pathway is blocked and the
salvage pathway is intact; some beneficial effects
have been noted following treatment of dystonic
patients with BH, or 6MPH,.852653 Problems remain
to be surmounted, including the hepatotoxicity of
6MPH, and the widely variable response to supple-
mentation.®>*

Another pterin analogue that is a functional cofac-
tor is 6-methylpyrimidodiazepine (6MPDH,), which
has an additional methylene inserted into the pyra-
zine ring (Figure 26). It has about 5% of the 6MPH,
activity when tyrosine formation is assayed.5®> The
reactivity of this cofactor is discussed extensively
below.

Bailey and Ayling discovered that the pyrazine ring
was not strictly required for cofactor activity in a
study of the substituted pyrimidines 2,5,6-triamino-
4-pyrimidinone (TP) and 5-benzyl-2,6-diamino-4-
pyrimidinone (BDP), both of which function with low
efficiency (Figure 29).5%¢ The K, values for these
compounds are quite close to their analogous pterins,
50 uM (TP) and 3 uM (BDP) vs 80 uM for 6MPH,
and 3 uM for 6-PhPH,, but the velocities of tyrosine
formation are 0.8% (TP) and 0.2% (BDP) that of
6MPH./BH,.557

Only one L-Tyr is formed for every ~20 equiv of
NADH oxidized in a coupled assay with TP (96%
uncoupled).5%® However, this determination does not
take into account the further oxidation of NADH by
the pyrimidine product. When this is done, 2.5 TP
and 1.4 BDP (1.7 BDP in Lazarus et al.) are oxidized
for every tyrosine formed, the same degree of cou-
pling as their respective cyclic analogues PH, and
6PhPH,.659660 The triaminopyrimidine cofactors are
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irreversibly modified as a result of turnover, the
subject of the following section.

2. Transformations of Alternate Cofactors

The identity of the hydroxylating species remains
a contentious issue. The behavior of the hydroxy-
lating intermediate suggests that an extremely elec-
trophilic entity is formed from molecular oxygen at
the active site of these hydroxylases. A key insight
that has kept the field rife with speculation is that
ordinary organic peroxides cannot oxidize unacti-
vated aromatic substrates unaided. Since one atom
of oxygen is retained in the 4a-carbinolamine product,
the tetrahydropterin is likely to play a role more
important than as a source of two electrons. One of
the more striking early proposals was that of Hamil-
ton, who proposed the generation of a carbonyl oxide
(oxenoid) at the C*2 carbon of the pterin ring. This
necessarily involves a ring-opening step, as depicted
in Figure 30, to a C5-oxenoid pyrimidine species.t61-663

In order to validate this mechanism, it is necessary
to demonstrate that a ring-opened intermediate is on
the reaction coordinate for the hydroxylases: (1) a
ring-opened intermediate should be formed from a
reduced pterin, and (2) such an intermediate should
be recyclized by hydroxylase. Of course, the rates of
both of these proposed processes must exceed the
maximum turnover rate known for an aromatic
amino acid hydroxylase, PAH's k¢, of ~10 s71 (25 °C).
As an approach to the second point, a substituted
triaminopyrimidine analogue (Figure 31A) of the
ring-opened quinonoid divicine (5-hydroxypyrimi-
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dine) depicted in Figure 30 was synthesized and
incubated with the enzyme. Under tyrosine-forming
conditions, no oxidative recyclization of the ring-
opened species could be detected in excess of nhonen-
zymatic conversion, at pH 7.4—9.0.16° Cyclization of
the pyrimidine was favored at higher pH (pH 10),
which indicates that it is controlled by the charge on
the terminal amino group.

The exact ring-opened quinone intermediate hy-
pothesized by Hamilton®%! was prepared by oxidation
of the 5-amino compound in 0.01 N HCI, which
forestalls cyclization.5®® The compound is diluted in
0.1 M Tris buffer containing a 5% excess of I, (pH
7.4, 27 °C), at which point it cyclizes to g-6MPH;
rapidly, with t;, = 7.0 s (Figure 31B). The limiting
step appeared to be dehydration of the 4a-carbinol-
amine. In contrast, the insertion of an additional
methylene group prevents spontaneous cyclization,
although ~2% can be trapped as the fully reduced,
cyclic 6MPDH, if PCD, DHPR, and NADH are
present (Figure 31C). The additional ring strain in
this seven-membered ring containing analogue of
tetrahydropterin apparently precludes spontaneous
formation of g-6MPDH;, which was estimated to be
26 times slower than its pyrazine counterpart.

Were it to occur, observation of the ring-opened
oxidized intermediate (the first point mentioned
above) would probably be difficult because pathway
would have to support a recyclization rate in excess
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of 10 s™1. In order to slow down any recyclization
occurring with the enzyme, 6MPDH, was synthesized
and found to be a tightly coupled cofactor for PAH
(9-6MPDH, and 7,8-6MPDH; were efficiently reduced
by DHPR and DHFR).%%® The K, values for cofactor
and phenylalanine were comparable to those with
6MPH, (intriguingly, the K, for O, was >10 times
higher) but the rate of reaction was quite slow, about
5% of the 6MPH, Vmax. The additional methylene
might also disfavor recyclization enough for a ring-
opened species to be detected in reaction mixtures.

Of course, the strain also lowers the barrier to ring
opening in general, which was observed as a greater
susceptibility to autooxidative decomposition in aero-
bic solutions. While side products of nonenzymatic
tetrahydropterin oxidation are well known, as was
discussed in section 111.B.5, they are often of minimal
significance with unmodified tetrahydropterins. For
instance, the eventual conversion of 6MPH, to 7,8-
6MPH, has a 95% yield, with the remainder forming
unknown products. In contrast, 6MPDH, decom-
poses to 53% 7,8-6MPDH;, and 47% ring-opened
pyrimidines (Figure 32A) at a total rate 28 times that
of 6BMPH,. Unlike the relatively stable 7,8-dihydrop-
terin, the ring-strained 7,8-6MPDH, degrades further
over the course of a day. Instead of forming an
analogue of 6-methylpterin, it is converted into far-
UV absorbing species proposed to arise from oxida-
tion of the 7,8-hydrate (Figure 32B).6%°

As was alluded to above, the pyrimidine cofactors
for PAH are altered as a result of oxidation, either
nonenzymatic or as a result of the hydroxylation
reaction. Rapid decomposition of BDP follows its
anaerobic oxidation by I, to the quinonoid form
(Figure 33), which liberates TP and benzaldehyde
(=0.5% benzylamine). Air oxidation of BDP, while
much slower, gives the same products.55°

Even if NADH/DHPR is included in PAH assay
mixtures, the cofactor ability of pyrimidines ceases
after 0.55 or 0.71 nmol of tyrosine is produced per
equivalent of TP or BDP, respectively. In the case
of BDP, there is some product partitioning (Figure
29A) that indicates the formation of a species similar
to the dihydropterin 4a-carbinolamine (Figure 29B)
which decomposes by one of two competing pathways
(Figure 29C,D). Inclusion of SME allows the isolation
of divicine (2,6-diamino-4,5-dihydroxypyrimidine), a
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reduced form of the initial TP oxidation product,
qguinonoid divicine (Figure 29C,D). By using BDP
with PAH, every tyrosine produced is the result of
oxidation of 1.4 equiv of BDP, which forms 1.4
divicine and 1.0 benzylamine. The remainder of the
cleaved BDP substituent (0.4 per tyrosine) is found
as benzaldehyde, the exclusive decomposition product
of nonenzymatic oxidation (and possibly of uncoupled
BDP oxidation by PAH/O,).60

If the reaction is performed under 72% Ar/28% 80,,
100.0 + 1.4% of the divicine formed from BDP and
94% of the tyrosine formed contains an atom of 80.
When TP is used as the cofactor, 97.5 4+ 3.9% of the
divicine and 95% of the tyrosine contains one atom
of 180. (The efficiencies are corrected for label
washout from synthetic [5-8O]divicine, 14 + 1.2%
under the conditions of the experiment.)

PAH turnover is highly uncoupled with bpL-0-
methylphenylalanine (>10 molecules of BDP are
consumed for each molecule of this substrate hy-
droxylated), but still the divicine product with BDP
contains 90.0 + 3.5% '80. (Intriguingly, the 90%
uncoupling with BDP makes it the the most-coupled
cofactor for o-methylphenylalanine hydroxylation.
TP, DMPH,, and BH, all give >99% uncoupled
turnover.%%%) Two equivalents of 80 are found in the
product when [4-180]TP is used as a cofactor under
80,, which indicates that the keto group, equivalent
to the C# carbonyl of a pterin, does not participate in
the hydroxylating intermediate,®%* as had been sug-
gested®®® (Figure 33).

Since 6MPDH, produces tyrosine only four times
faster than TP, and 20 times slower than the less-
strained 6MPH,, it follows that ring-opening cannot
be rate limiting in cofactor utilization. The extent
of coupling is not relevant, since all three are utilized
efficiently during hydroxylation (1.0 6MPH,, 1.0
6MPDH,, and 1.8 TP per tyrosine formed). Neither
is ring closing a rate-limiting step, because it is
extremely unfavorable with ring-opened diazepine,
and for the trivial reason that it cannot occur with
pyrimidines. In the Hamilton mechanism, the pro-
posed oxenoid intermediate would be identical for all
of the pyrimidine cofactors, following cleavage of the
C*—N>® bond. Differently substituted pyrimidines
(TP, BDP, and N3-methyl-TP) give different rates of
turnover, indicating that decomposition of the pro-
posed common oxenoid species during phenylalanine
hydroxylation cannot be rate limiting. Furthermore,
it indicates that the rate-limiting step in a Hamilton
mechanism must occur before scission of the C*2—N5
bond.®%

These results indicate that the cleavage of 5-amino
group of TP results from PAH-catalyzed monooxy-
genation (Figure 29B), a result consistent with either
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the Hamilton or Benkovic proposals. Evidence from
the pyrimidodiazepine studies indicates that recy-
clization, were it to occur, would have to overwhelm
completely the additional ring strain present in the
larger cofactor. Under the conditions of the PAH
assay, any ring opening of the diazepine causes
kinetic trapping, in an inactive, open position that
cannot be recyclized by PAH. If the Hamilton mech-
anism operates, the pyrimidodiazepine must function
like a pyrimidine: oxidation of the ring-opened form
is irreversible, and the cofactor would be able to
perform only a single turnover. A final, decisive
strike against the Hamilton proposal would be any
demonstration that 6MPDH, functions catalytically
in the PAH reaction.®®> Such a result has not yet
appeared, but given the weight of other evidence, the
likelihood that the Hamilton mechanism will be
verified is small.

The above reasoning depends upon two assump-
tions, the first being that hydroxylase catalysis
supported by tetrahydropterin, pyrimidodiazepine,
and pyrimidine cofactors functions by a common
mechanism. The second is that chemical processes
occurring at the pteridine ring are of central mecha-
nistic importance in the generation of the hydroxy-
lating intermediate.

While the first assumption is probably valid, given
that all three classes of cofactor are able to support
PAH catalysis, the second assumption is less sturdy.
The evidence presented above strongly indicates that
the pterin itself cannot support the hydroxylation
reaction without a drastic enhancement of its reac-
tivity by the enzyme and rules out most of the
conceivable mechanisms that involve exotic oxygen—
pterin adducts (a 4a-hydroperoxypterin intermediate
and more metal-centered alternatives remain con-
sistent with the evidence). Again, the presence of an
iron in the mammalian aromatic amino acid hy-
droxylases appears to be an absolute prerequisite for
activity. Ferrous iron is likely to be the entity that
(in the two limiting extremes) either increases the
reactivity of pterin with O, sufficiently to support
catalysis, or performs oxygen activation and catalysis
itself, with minimal participation of the tetrahydrop-
terin. These possibilities, as well as others, are
discussed in the next section.

IV. Mechanistic Investigations

A. Common Themes
1. Overview

The aromatic amino acid hydroxylases share a
putative catalytic core, which is a functional mono-
mer in the bacterial PAH'’s; within the mammalian
hydroxylases, the N-terminus appears to determine
functional specificity rather than contribute directly
to catalysis. As a result, one would expect these
hydroxylases to have similar substrate specificities
and other functional resemblances that can be de-
termined by mechanistic analysis. It also suggests
that issues pertaining to reactivity ought to be
considered together to emphasize functional similari-
ties and amplify the differences, which is why this
aspect is presented in a separate section. A clear
conclusion from this section is that, while the familial
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resemblances are greater between PAH and TrpH
than with TyrH, the similarities in oxygen atom
transfer reactions performed by each tend to out-
weigh the differences among them.

We first present some common themes pertaining
to oxygen atom transfer reactivity before the discus-
sion of catalytic details for particular enzymes. The
nonheme iron-dependent hydroxylases share many
similarities with the protoporphyrin IX-containing
cytochromes P450, regarding their ability to oxidize
ordinarily unreactive aromatic and aliphatic C—H
bonds. There are fewer similarities with flavin
hydroperoxide-generating monooxygenases (section
111.C.1), the reactivity of which is well-understood but
cannot account for the observed spectrum of trans-
formations. In this section, important observations
from the vast literature on cytochrome P450 are
summarized to focus on aspects of monooxygenase
reactivity, before moving on to some model com-
pounds that have reactivity reminiscent of the en-
zymes. Finally, some of the traits shared among the
aromatic amino acid hydroxylases will be mentioned,
followed by the discussion of the reactivity of each
hydroxylase.

Although the taxonomic distinction between the
non-heme iron-dependent monooxygenases and di-
oxygenases probably obscures informative functional
similarities, this review does not cover the important
class of dioxygenase enzymes, which includes the
a-ketoglutarate-dependent dioxygenases,566.657 cat-
echol dioxygenases,®®® and singular catalysts like
isopenicillin N-synthase®%67° and lipoxygenase,5’*
many of whose crystal structures have been recently
solved.627674  Also excluded is discussion of the
binuclear non-heme iron-containing hydroxylase do-
main of methane monooxygenase.5”5-677 The inter-
ested reader will find the above-cited reviews and
papers (as well as the other reviews in this issue)
concerning the structure and reactivity of these
systems informative in a larger sense of iron-depend-
ent enzymology.

2. Hydroxylases and Oxygen-Atom Transfer

Hydroxylases (mixed-function oxidases®’®) catalyze
the overall reaction by one of several potential
mechanisms. An important reactivity difference
between the flavin- and pterin-dependent hydroxy-
lases is the capability of the latter to transfer oxygen
atoms into unactivated aliphatic and aromatic C—H
bonds. This is a specific case of the general reaction
for oxygen-atom transfer,5”° X + AO — A + XO,
which can be adapted in the present case to (where
aa = amino acid moiety):

0, + 2H" + 2¢” + aa-C—H — H,0 + aa-C—O—H
©)

In this depiction, the reaction catalyzed by hydroxy-
lase-bound iron and 6MPH, results in a two-electron
reduction of only one of the oxygen atoms in O,. The
minimal mechanism for this transformation begins
with dioxygen binding and activation (reduction). In
a mechanism that involves heterolytic fissioning of
the O—0 bond, one of the oxygen atoms becomes the
reactive oxenoid equivalent, and the other ends up
at the oxidation level of water. Among a range of
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Figure 34. Various possibilities for the reactive interme-
diate formed during pterin-dependent hydroxylations.

possibilities, two limiting descriptions of the hydroxy-
lating intermediate are available, one in which a
tetrahydropterin peroxide species is formed, and one
in which an iron-based oxoferryl species is formed
(Figure 34). No direct spectroscopic evidence in
support of either alternative (or any admixture of the
two depictions) has ever been obtained in the non-
heme iron hydroxylases. At some point following O,
activation, insertion of an oxo atom (also called an
oxene in analogy to carbene) into a substrate C—H
bond takes place.

The reduced O, species might also fragment ho-
molytically, which could be accomplished by sym-
metric O—O bond breakage, yielding at least one
hydroxyl radical (HOes). The extremely reactive HO*
would abstract a hydrogen atom from an organic
group, which could certainly be the relevant position
on the substrate amino acid. This proposal gained
early attention, because it is one of the several
reaction mechanisms that might explain the demand-
ing oxidative chemistry of these hydroxylases, but
several problems with this view arise.

First, the oxygen atom inserted into the product
might be expected to exchange with the surrounding
water (even a small extent is significant). Experi-
ments with 80, and H,80 (described below) unam-
biguously demonstrate that the source of the oxygen
atom in these hydroxylase reactions is O,.

Second, there is essentially no way to control the
reactivity of a hydroxyl radical once generated since
no C—H bond can resist cleavage by this species. The
first C—H bond encountered would be fissioned by
the hydroxyl radical, which would result in organic
radical formation, and likely autoinactivation of the
protein and a broad product distribution. Some
“model reactions” that can affect aromatic hydroxy-
lation yield multiple products; in the case of phenyl-
alanine-hydroxylating analogues, o-, m-, and p-ty-
rosine are all formed, often in low yield. The lack of
specificity stems from the fact that the small-
molecule reactive analogues cannot properly orient
the substrate for oxygen atom transfer and/or be-
cause diffusible hydroxyl radicals are generated.

Hydroxyl radicals are particularly associated with
Fenton’s chemistry, which generally requires a re-
ductant, O, or H,0O,, and a transition metal, most
often Fe?".68° Model compounds that form hydroxyl
radicals cause nonspecific hydroxylation, which can
completely explain the superficially “PAH-like” re-
activity. Even when such model reactions are not
reported to contain metal ions, it should be remem-
bered that even trace metal ion impurities may
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catalyze hydroxyl radical generation and Fenton
chemistry.

A different type of “hydroxylation” follows proton
abstraction and is not mechanistically associated
with the current material. The prototype of this
reactivity is the molybdopterin-dependent xanthine
oxidase, which incorporates an atom of oxygen de-
rived from H,O rather than O, into its substrate.5®
This is the opposite of what is observed for true
hydroxylases, which incorporate oxygen derived ex-
clusively from O, (or under certain conditions, H,05).

3. Cytochrome P450

Cytochromes P450 are ubiquitous enzymes but
were first found in liver microsomes, where they are
believed to perform a general detoxification function.
Microsomes are easily isolable and can be used,
without further purification of the membrane-bound
cytochrome P450 enzymes, as a source of hydroxy-
lase. The amounts and specificity of individual
hydroxylase components in microsomes varies among
animal sources and whether the animal has been
exposed to an inducer of microsomal hydroxylases
(typically phenobarbital). In general, cytochromes
P450 perform oxygen atom transfer reactions on their
substrates, with a somewhat wider substrate reper-
toire than is known for the pterin-dependent hy-
droxylases.

Our discussion is necessarily selective, as it is
intended to illustrate how high-valent iron-oxygen
species might function in aromatic amino acid hy-
droxylases. The interested reader is referred to
several recent reviews and a book of monographs
pertaining to cytochrome P450 biochemistry and
function.®81-68 |dentifying the reactive intermediate-
(s) formed by cytochrome P450 has been of keen
interest for decades, an effort that has been greatly
aided by several intense chromophores not present
in non-heme iron proteins. There is a consensus that
the critical intermediate is (FeO)3*, where the oxo-
bound iron is either a perferryl, [Fe5*=0], or a ferryl
coupled to a porphyrin x radical, [Fe*™=0](P*"). The
latter description is supported by the similarity of the
spectral properties of cytochrome P450 with those of
horseradish peroxidase (HRP), for which a consistent
and essentially complete set of spectroscopic evidence
is available.

Cytochrome P450 forms a substrate complex that
precedes binding of O, or an oxygen atom donor, so
substrate-free oxygenated intermediates are not
readily accessible. In contrast, HRP reacts with
peroxides or various oxygen donors to give HRP
compound 1,886 a green species that shares a number
of spectral characteristics with oxidized cytochrome
P450 adducts. EXAFS of HRP compound | reveals
a remarkably short Fe—O distance, 1.64 + 0.02 A,
consistent with the presence of a double bond.687-689
Maossbauer spectroscopy®®® and higher X-ray absorp-
tion edge energies®® support an Fe** formulation for
HRP compound I. ENDOR spectroscopy indicates
coupling of this S = 1 oxyferryl species to an S = 1/;,
4-fold symmetric, z-cationic porphyrin radical,®?! in
a manner consistent with a net St = 3/, determined
by magnetic susceptibility measurements.5%

Analogous spectroscopic observations have been
made for HRP compound 11, a red [Fe*'=0] inter-
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mediate formed by one-electron reduction of com-
pound I, and various reactive porphryin model com-
pounds (section I1V.A.6). Resonance Raman
spectroscopy has identified a characteristic oxyferryl
stretch in HRP compound 1l, but has been more
difficult to apply in the case of the more photolabile
cytochrome P450 intermediates.

The O, binding and rate-limiting reduction steps,
as well as the need for a coupled NADPH-dependent
reductase, can be skipped by adding H,O, or other
oxygen atom donors to ferric cytochrome P450, which
generates a reactive species.?® This “peroxide shunt”
has been used to simplify mechanistic analysis
considerably, although there have been occasional
concerns about its exact identity with O,-dependent
turnover based on an altered substrate repertoire.%8

We describe the various reactivities associated with
the decomposition of this reactive oxygen—iron—
porphyrin intermediate in section IV.A.5 in some
detail, in part because its study has framed the
important questions asked about all hydroxylases.
The broader substrate range of the cytochromes P450
has allowed a wider range of mechanistic work than
will ever be possible in the more selective aromatic
amino acid hydroxylases. In particular, what can be
learned from product analysis about the nature of a
hydroxylating intermediate and the course of hy-
droxylation will be highlighted.

The similarities between the pterin-dependent,
non-heme iron-dependent hydroxylases and the cy-
tochromes P450 extend beyond normal coupled hy-
droxylation. In addition to reactions leading to
substrate alteration, rat liver microsomes exposed to
NADPH and O,, but not a suitable substrate, produce
H,O, in a manner evocative of the “uncoupled”
turnover of the aromatic amino acid hydroxyl-
ases.%9376% Quantitation of the differences in par-
tially uncoupled product formation by pure cyto-
chrome P450, v, (demethylation of benzphetamine)
and completely uncoupled NADPH oxidation (in-
duced by the structurally related benzylamphet-
amine) confirmed that an identical amount of H,O,
was formed in the uncoupled component of each.5%

4. The NIH Shift

In the course of developing assays for several
aromatic hydroxylases, it was observed that the 3H-
release assay??® successfully employed in assaying
TyrH (section 11.B.2) could not be generalized to PAH,
TrpH, or several other enzymes that hydroxylate
aromatic substrates.®®” Little tritiated water was
released from L-[4-H]Phe or pL-[5-*H]Trp, but the
labeled amino acids were indeed converted into their
respective hydroxylated products.5%7% [Confirma-
tion that the small amount of tritium-substituted
phenylalanine is exclusively para-substituted was
obtained by using a synthesis shown (by NMR) to
yield only bL-[4-?H]phenylalanine from p-Br-pL-
phenylalanine.®*? An analogous determination was
made with labelled hydroxyindoles, which have an
additional complication of acid- or base-catalyzed
washout of the label from the 5-hydroxy-L-[4-*H]trp
product.t986%°] Release of label from the tritiated
L-Tyr product was accomplished using TyrH (equal
amounts of tritiated water and L-Dopa were obtained)
or by iodination (>80% release of label, equal to that
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Figure 35. The NIH Shift.
substituent had migrated to a meta position.”

This “NIH shift” phenomenon appears to operate
in a number of aromatic para hydroxylations, includ-
ing PAH, TrpH, and the cytochrome P450 component
of liver microsomes (Figure 35). The NIH shift is not
part of the normal reactivity of TyrH, which attacks
the meta position in L-Tyr (when L-Tyr labeled with
80 in the phenolic hydroxyl is used as the substrate
along with 0,, no migration of the O label is
observed in the L-Dopa product). The availability of
an o-quinonoid resonance structure in the initial
hydroxylation product of L-Tyr appeared to explain
the rapid loss of meta label, which is not retained in
the ortho position of L-Dopa. There is 84% retention
of tritium when TyrH hydroxylates L-[4-*H]Phe.” In
the case of the microsomal hydroxylases, which
accept a wide variety of substrates, the percent
retention of radiolabel in a product is higher if the
substrate cannot readily rearomatize at the hydroxy-
lated position.5%” In general terms, aromatic sub-
strates that lack ortho or para hydroxyl or amine
substituents have less leaky NIH shifts.

There is no alteration in the specific radioactivity
of the L-Tyr formed from L-[4-3H]Phe, indicating there
is no primary isotope effect. No Ky, or Vnax differ-
ences were observed on PAH hydroxylation of L-Phe,
L-[4-?H]Phe, or L-[3,5-?H]Phe to the corresponding
L-Tyrosines.”® However, there is no loss of label from
L-[3,5-?H]Phe with PAH, [4-*H]Trp with TrpH, or
[3,5-3H]acetanilide with microsomes,®” indicating a
significant intramolecular isotope effect on the rearo-
matization step (Figure 36) that causes preferential
meta proton loss. This isotope effect was measurable
from the amount of tritium retention during hy-
droxylation of bL-[4-*H]Phe and pL-[4-*H][3,5-°H]Phe
by Pseudomonas cultures, yielding a kp/kr of 2.8 +
0.1, which predicts ky/kp =~ 10 & 1.7% Isotope effects
of this type profoundly affect the interpretation of
potential reaction pathways that will be discussed in
the following section for cytochrome P450.

Other para substituents also undergo migration to
a meta position. For PAH, these are p-chloro-,
p-bromo-, and p-methylphenylalanines. The amount
of migration varies between the substituents, in a
manner that will be discussed in Section IV.B.3. For
the microsomal hydroxylases, which accept a wider
variety of substrates, many substituent effects have
been noted,”*47% including many that indicate ac-
celerated label loss when a quinonoid structure is
available.

Migrations of chloro and methyl substituents are
known, but multiple products are common because
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Figure 36. Mechanisms proposed for the NIH Shift.

A

of the ability of the relatively nonselective microsomal
hydroxylases to form various initial arene oxides
(vide infra), most of which open in one of two
directions,”%6-7% gor because of permissive regioselec-
tivity. (Despite the potential similarities among
methyl, halogen, and hydrogen isotope migration, the
term “NIH shift” refers exclusively to the 1,2-hydride
migration.)

In sum, it appears that the nature of the substrate
and its initial hydroxylation product determines the
course of the NIH shift following hydroxylation,
rather than a particular enzyme. Whether a NIH
shift occurs is dependent upon the nature of the
hydroxylating species. Mechanistically, the NIH
shift was originally envisioned as is illustrated in
Figure 36A (where R is appropriate to the enzyme
under consideration) as an attack of the electrophilic
hydroxyl cation on the para position, followed by 1,2-
hydride migration.®®”

Considerable effort has been directed at enriching
this depiction and connecting the NIH shift mecha-
nism to oxygen atom transfer, but often the results
are difficult to explain in terms of a single mecha-
nism. In some cases, this is because more than a
single mechanism is operative; in others a distinction
between two possibilities has not yet been made. In
the following section, results obtained with cyto-
chrome P450 and its simple arene substrates are
considered. Despite the early importance of PAH and
TrpH in discovering the NIH shift, little mechanistic
work has been performed since the 1960s using the
pterin-dependent amino acid hydroxylases. In part
this is the result of the much more stringent sub-
strate specificity of the non-heme iron-, pterin-
dependent enzymes. Since both heme-dependent and
non-heme iron-dependent hydroxylases catalyze oxo
atom transfers followed by a NIH shift, it is hoped
that what has been learned with the simple organic
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substrates of microsomal hydroxylases will have
useful parallels in the aromatic amino acid hydroxy-
lases.

5. Arene Oxides and Reactive Intermediates

In the case of microsomal hydroxylases, it had been
anticipated that arene oxides might be intermediates
in aryl dihydroxylation,”® which would be viewed as
sequential epoxidation and hydrolysis steps. By
using oxygen isotope incorporation into 1,2-dihy-
droxynaphthalene, it was shown that only one of the
hydroxyls derived from O,, with the other originating
from H,0.710711 This observation excludes endoper-
oxide formation and other dioxygenation mecha-
nisms.

Following the discovery of the enzyme-mediated
NIH shift, it was demonstrated that the label in
[4-?H]toluene 3,4-oxide migrated to the meta position
during nonenzymatic epoxide opening, yielding only
p-cresol. The extent of deuterium retention/migra-
tion, which ranges up to 75—85%, depended to some
extent on the conditions of epoxide ring opening. Most
important, this experiment indicated that the “later”
stages of aromatic hydroxylation with an NIH shift
did not require the intervention of an enzyme at
all.”*? This started a series of investigations focused
on microsomal hydroxylation and solution studies of
epoxide decomposition pathways.

Naphthalene 1,2-oxide was found to be an isolable
intermediate in the formation of 1-naphthol, and
other naphthalene metabolites formed by epoxide
ring opening, by rabbit liver microsomes from naph-
thalene.”® Nonenzymatic opening of the arene oxide
could also account for the small amount of 2-naphthol
produced by microsomes. Thiol compounds, includ-
ing glutathione, form ring-opened adducts following
nucleophilic attack on the epoxide. Thus it was
concluded that the initial product of naphthalene
metabolism was an arene oxide, an obligatory inter-
mediate in naphthol formation, formed by direct
epoxidation. The absence of an intermolecular iso-
tope effect in hydroxylation of an equimolar mixture
of normal and perdeuterated naphthalene is consis-
tent with rate-limiting arene oxide formation. Fur-
thermore, proton abstraction and concerted C—H
insertion mechanisms leading to an NIH shift were
excluded by this observation.”4

Because the nonenzymatic formation and break-
down of arene oxides appeared sufficient to account
for the behavior of the NIH shift in the naphthalene
— 1-naphthol conversion, a tendency to regard arene
oxides as invariable participants in aromatic hy-
droxylations arose at this point. While evidence has
accumulated in support of other plausible mecha-
nisms participating in the hydroxylation of different
substrates, the arene oxide mechanism remains
important in the understanding of NIH shifts.

The synthetic availability of various arene oxides
(reviewed in ref 715), the presumptive initial prod-
ucts of aromatic hydroxylation, allowed investiga-
tions of the later steps in the NIH shift reaction,
which are ordinarily obscured by the initial rate-
limiting oxygen transfer. From the pH dependence
of the ring opening, it was realized that nonenzymatic
epoxide opening was the sum of two processes: a
spontaneous process and a distinct acid-catalyzed
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process associated with less-efficient substituent
migration.714.716

Decompositions of [1-2H]- and [2-?H]naphthalene
1,2-oxides, whether microsome-mediated or non-
enzymatic, yield the same levels of deuterium in their
respective 1-naphthol products. This indicates that
a common [3-?H,3-H]cyclohexadienone intermediate
is formed, which undergoes keto—enol tautomeriza-
tion to form the aromatic product. An intramolecular
ku/kp = 4 for enolization is implied by the observed
~80% deuterium retention.”*4

Irradiation of naphthalene 1,2-oxide allowed direct
detection of the keto tautomer of 1-naphthol at 77 K
(but not 153 K), which decomposed to the 1-naphthol
product upon warming to 173 K.7” Formation of this
cyclohexadienone intermediate would follow either a
concerted (Figure 36, path b) or stepwise mechanism
(Figure 36, path c). Concerted hydride/epoxide mi-
gration was ruled out on the basis of (1) the lack of
an isotope effect on naphthalene and benzene oxide
disappearance (the perdeuterated and perprotiated
arene oxides yield ku/kp = 1.00—1.05 for both spon-
taneous and acid-catalyzed decomposition) and (2) a
large negative value for the Hammett parameter p
determined with various substituted arene oxides,
both of which argue against a triangular transition
state. It follows that a C—H bond does not partici-
pate in the isomerization and that a discrete positive
charge is developed during the transition state.
Therefore the cyclohexadienone intermediate is prob-
ably formed by a meta carbonium intermediate,
depicted in Figure 36, path c.”8

A different situation arises in the formation of
p-chloro[3-?H]phenol from [3-°H]- or [4-?H]chloroben-
zene, which gives 93 and 54% deuterium retention,
respectively. This suggests partitioning between at
least two pathways for breakdown of the chloro-
benzene 3,4-oxide, an NIH shift leading to meta
migration of the para substituent, and a simple direct
loss mechanism, in which the para substituent is
released following hydroxylation. If arene oxide
formation has to precede the NIH shift, the difference
in the levels of deuterium retention at the meta
position of chlorobenzene implies an isotope effect on
enolization of 8 — 9 (ku/kp).”** (When more than one
mechanism to a product is operative, the isotope
effects observed are averages.)

Other evidence does not favor the hypothesis that
partitioning into either pathway results from decom-
position of a directly formed arene oxide. While
meta-hydroxylated chlorobenzene is a minor meta-
bolic product in rat or of rat liver microsomes, it is
not observed following nonenzymatic opening of chlo-
robenzene 3,4-oxide or 2,3-oxide, which yield exclu-
sively para and ortho products. Since arene oxides
are incapable of forming this product, one of several
mechanisms for direct hydroxylation not involving
arene oxide formation must prevail.”1%’2 Figure 36D
depicts this earlier partitioning of intermediates. The
issue of chlorobenzene will be returned to later, after
mentioning some other evidence supporting non-
arene oxide-dependent, direct hydroxylation path-
ways.

Intermolecular isotope effects larger than unity,
and therefore inconsistent with exclusive initial
arene oxide formation, were observed for methyl
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phenyl sulfone and nitrobenzene meta hydroxylation
(1.75 and 1.40, respectively). For para and ortho
hydroxylation of these compounds, or of a group of
other monosubstituted benzenes, no isotope effect
larger than 1.2 was observed.”?* These values are
close to what is observed for direct carbene insertions
into aliphatic C—H bonds (1.6—1.8, cited work in ref
721) but higher than carbene additions to aromatic
systems, which have intermolecular isotope effects
=<1.1. On this basis, the authors conclude that direct
oxygen atom insertion into an aromatic C—H bond
is unlikely to explain the observed isotope effects.”?!
Perhaps the clearest example of a primarily non-
arene oxide-dependent (>90%) aromatic hydroxyla-
tion is the direct 3-hydroxylation of 2,2’ 5,5 -tetra-
chlorobiphenyl (TCB) by phenobarbital-induced rat
liver microsomes. In contrast, microsomal conversion
of TCB 3,4-oxide (TCBO) to 3-hydroxylated TCB was
at least 8-fold less efficient, and even that reactivity
seemed to result from TCBO reduction to TCB,
followed by hydroxylation.”??

Cytochrome P450-mediated hydroxylations are
known for olefinic and acetylenic substrates as well.
While non-arene compounds cannot undergo the
typical NIH shift, 1,2-subunit migrations can occur.
Quantitative migration of an acetylenic proton to the
vicinal carbon occurs during hydroxylation of aryl
acetylenes and is associated with a large isotope
effect whether the oxidant is mCPBA (m-chloroper-
benzoic acid, an oxo-transferring reagent) or cyto-
chrome P450.723-725

A comparable situation also occurs during
the microsomal metabolism of trichloroethylene
(CHCI=CCI,, TCE), which is degraded in vivo to
chloral (CI;CCHO), trichloroethanol, trichloroacetic
acid, and covalent TCE-derived adducts. Using liver
microsomes + NADPH, cytochrome P450 + iodosyl-
benzene (OIPh, an oxygen atom donor capable of
supporting enzymatic hydroxylation), or cytochrome
P450 + its NADPH-coupled reductase, TCE oxide
formation was detected with a specific trapping
reagent. The amount of TCE oxide formed was 5—28
times too small to account for the observed product
formation (chloral and glyoxylate), so it cannot be an
obligatory intermediate.”?® TCE oxide decomposes to
CO, dichloroacetic acid, and formic acid, but not
chloral or glyoxylate.”?”

In order to account for the observed reactivity,
including the 1,2-chloride migration in chloral forma-
tion, Miller et al. propose the formation of a substrate
adduct, resulting from interaction of TCE and a high-
valent heme iron—oxo intermediate (Figure 37).726 A
similar intermediate in olefinic hydroxylation having
a distal radical rather than a carbonium ion had been
proposed by Groves et al. on the basis of studies with
manganese porphyrin catalysts.”?®

An analogous situation obtains for arene sub-
strates, which would form radical or cationic adducts
(Figure 37), each of which might also form an arene
oxide, meta carbonium, or cyclohexadienone inter-
mediate prior to rearomatization. A key difference
between these alternatives is the timing of electron
transfers. This is an experimentally challenging
distinction, in part because it follows the typically
rate-limiting step of hydroxylating intermediate gen-
eration. One intriguing observation stems from the
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Figure 37. Potential substrate adducts in the cytochrome
P450 reaction with TCE.

fact that during their oxidation, the distal carbon of
TCE or an aryl alkene alkylates a pyrrole nitrogen
in the porphyrin, perhaps by a radical-trapping
process. In the case of aryl acetylenes, the heme
modification reaction has no isotope effect, unlike the
metabolite-forming reaction, which suggests that it
occurs before oxygen transfer is complete, and that
both reactions proceed along separate stepwise path-
ways.”??

The important insight is that regardless of its
structure, adduct formation is strongly suggested for
a range of cytochrome P450 products. As several
authors point out, the substrate affects the preference
for cationic or radical intermediates, and thereby how
the electron distribution should be rendered in the
adduct. The identity of the oxidant (catalyst) is
equally important in determining product distribu-
tion. In the case of cytochrome P450, the iron
participates in modulating intermediate partitioning
and reactivity. It is reasonable to expect that the
non-heme iron-dependent monooxygenases are ca-
pable of a similar feat.

Since there are at least two pathways (NIH shift
and direct hydroxylation) observed with cytochrome
P450-mediated aromatic hydroxylations, a useful
strategy for sorting out their relative contributions
has been to hydroxylate specifically deuterated arene
substrates, examine product distributions, and thereby
separately calculate the contributions due to mecha-
nistic partitioning and isotope effects.

A sophisticated approach of this type was employed
by Hanzlik et al. for monosubstituted benzene hy-
droxylation by rat liver microsomes, using an ana-
lytical approach, based on the product distributions
from 1-X substituted [3,5-°H]- and [2,4,6-°H]-
benzenes, that allowed the calculation of individual
enolization isotope effects and mechanistic partition-
ing factors F; (where F; = 1 indicates complete
substituent migration, and F; = 0 indicates complete
direct hydroxylation) for each of the o-, m-, and
p-phenolic products. For all of the monosubstituted
compounds examined (X = Br, CN, NO,, OCHj3;, CH3,
and Ph), the ku/kp for enolization was 4.05 4+ 0.2 at
each ring position, which indicates the generality of
cyclohexadienone formation following 1,2-hydride
migration. These isotope effects are “pure”, because
the mechanistic branching has been factored out, and
are therefore more reliable than those derived from
simple deuterium retentions. However, the value of
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Figure 38. Plausible radical and cationic substrate ad-
ducts of cytochrome P450.

Fi varied widely, from 0.975 for para hydroxylation
of bromobenzene to 0.203 for para hydroxylation of
nitrobenzene, indicating that substituents do affect
mechanistic partitioning.6%”

An analogous approach was used with chloroben-
zene, which as was mentioned above is meta hy-
droxylated by microsomes to a product unavailable
from nonenzymatic arene oxide opening. Two gen-
eral descriptions of the oxygen transfer apply: a
“singlet” mechanism leading to concerted epoxide
formation without intermediates, or one of several
“triplet” mechanisms involving formation of a tetra-
hedral intermediate as depicted in Figure 38. Path-
ways in which the oxygen is triplet-like include (1)
addition of the oxygen to form a (bi)radical species
that rearranges to the final phenolic product, the
“radical” pathway of Figure 38, or (2) initial single-
electron oxidation of the substrate to a cation radical,
followed by recombination of the substrate radical
and iron-bound oxygen, the “cationic” pathway. (The
biradical state used for computations has a ring-
based radical and an oxygen-based radical. This is
a third limiting case of the (FeO)3* depiction, [Fe'V—
O°]. Since the oxygen-bound iron would facilitate
triplet — singlet conversion, only the singlet state
was considered important.)

Theoretical considerations suggest that the cationic
pathway will show marked substituent effects and
favor direct phenol or ketone formation, while the
(bi)radical pathway will not show substituent effects
and will favor epoxide formation.”° Isotope effects
were determined for [3,5-°H]-, [2,4,6-°H]-, and
[2,3,4,5,6-°H]chlorobenzene in order to distinguish
between these possibilities. Small, normal isotope
effects were measured for both [3,5-°H]- and [2,4,6-
?H]chlorobenzene on meta hydroxylation (1.09—1.17),
which rules out singlet mechanisms of direct epoxide
formation. This follows from the fact that a normal
isotope effect on the site of hydroxylation, indicating
reversible epoxide formation, would also require an
inverse isotope effect on the adjacent position that
is not observed. Direct ketone formation during meta
hydroxylation is also inconsistent with the observa-
tions. Initial electron abstraction is disfavored by the
observation of an inverse isotope effect for ortho and
para hydroxylation; however, electron transfer from
the substrate after the formation of the tetrahedral
intermediate appears to explain the observed meta
hydroxylation isotope effects.

The mechanism most consistent with all of the
observations is an attack of the activated, triplet-like
oxygen species on the aromatic substrate’s & system,
followed by addition and rearrangement.”! In a later
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Figure 39. The “oxygen rebound” mechanism of hydroxy-
lation by cytochrome P450.

19F NMR study of the regioselectivity of hydroxyla-
tion for various fluorine-substituted benzenes, a
similar conclusion excluding an epoxide intermediate
was reached. Fluorobenzenes confer several advan-
tages, including the absence of dehalogenation and
that >95% of the metabolites are phenolic. Most
important, the smaller van der Waals radius of a
fluorine substituent argues against steric or substrate-
orientation effects.”® Thus it appears that whether
the substrate is an olefin or an arene, cytochrome
P450 can generate an electrophilic oxygen species
capable of forming an enzyme-bound radical or cat-
ionic intermediate, as depicted in Figure 37 and
Figure 38.

One of the more remarkable properties of cyto-
chrome P450 is an ability to catalyze aliphatic
hydroxylation with retention of stereochemistry, as
in the hydroxylation of camphor, which gives prima-
rily the 5-exo product. Previously, only carbenes
(i.e., :CHy) were known to insert into C—H bonds with
retention of stereochemistry.”?

In Groves’ classic experiment, partial epimerization
during hydroxylation of all-exo-[2,3,5,6-?H]norbor-
nane was detected by observing a small amount of
the tetradeuterated exo-alcohol product. Stereochem-
ical scrambling during hydroxylation is best ex-
plained by a stepwise, radical mechanism, and would
not be observed during a concerted oxygen insertion.
The small amount of inversion induced in this cyto-
chrome P450 hydroxylation by a sizable isotope effect
(kw/kp = 11.5) pointed at proton abstraction as a rate-
limiting step in catalysis.”* Proton abstraction
indicates that the highly reactive, activated oxygen
species probably has significant radical character.”*®
If discrete substrate radical intermediates are formed,
they have extremely brief lifetimes prior to recom-
bination with an iron-bound OH species. This ab-
straction—recombination proposal, the so-called “oxy-
gen rebound” mechanism (Figure 39), has been
examined using radical-sensitive cyclopropane-con-
taining substrates. The product distribution from
methylcyclopropane hydroxylation included 15% ring-
opened products, a signature of radical processes.”3®

Following this result, a series of more sensitive
radical clock substrates have been synthesized, in
order to put an upper limit on the radical intermedi-
ate in the oxygen-rebound mechanism from a com-
parison of the ring-opening rate and the fraction of
ring-opened products. A potential problem with
timing radical intermediates in this way is the
potential for ring opening during a parallel, cationic
process.

In a recent report, Newcomb et al. were able to
distinguish ring-opened products formed by either
cationic or radical pathways, using a hypersensitive
probe substrate (Figure 40). Three stable products
are obtained, which allow a simultaneous determi-
nation of the branching between cationic and radical
pathways and the amount of ring opening that occurs
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Figure 41. Putative metallaoxetane intermediate in cis-
[2-?H]styrene hydroxylation.

during the time it takes for the oxygen to rebound.
The relative amounts (parentheses in Figure 40) of
specifically radical-derived ring-opened products in-
dicate a 70 fs lifetime for the radical, too short for it
to be considered a discrete intermediate. In this
concerted, nonsynchronous process, the carbon is
near enough to the oxygen atom at the time of proton
abstraction to undergo hydroxylation as part of the
reacting ensemble. Newcomb et al. suggest that this
is indicative of a “side-on” approach of the oxygen to
the C—H bond,”®” which has some support from
crystal structures of cytochrome P450cam bound to
its camphor substrate or its exo-5-hydroxycamphor
product. A comparison of the two complexes shows
only slight differences in the position of the bound
camphor with respect to the enzyme.”38.739

Alternate attacking geometries have also been
proposed by Ostovit and Bruice,’*° and by Breslow
et al.”*! on the basis of model studies.

Another proposal, formation of a metallaoxetane
intermediate after side-on approach of the substrate’s
C—H to the oxyferryl (Figure 41), has been receiving
renewed attention since it was first proposed for
cytochrome P450 on the basis of model studies.”™?-744
Perhaps the strongest evidence for an enzyme-bound
metallaoxetane is the quantitative migration of deu-
terium in the cis-[2-?H]styrene — phenyl[1-?H]-
acetaldehyde conversion, studied with iron and man-
ganese porphyrin catalysts.”*® Again, something
other than the arene oxide-dependent NIH shift must
account for this transfer.

Metallaoxetane formation might also account for
the unusual observations (complete acetylenic hydro-
gen transfer, heme alkylation without an isotope
effect, and apparently direct aldehyde formation)
during phenylacetylene oxidation.”

As yet, there is no direct evidence for metalla-
oxetane formation. Many of the objections to met-
allaoxetane formation come from steric consider-
ations, particularly since catalytically active but very
crowded porphyrin model compounds would tend to
exclude metallaoxetane formation.”%74 The poten-
tial for metallaoxetane formation in various systems
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has been recently reviewed.”*® While an absolute
determination that a metallaoxetane forms is at
present unavailable, it is potentially consistent with
the isotopically substituted chlorobenzene analysis
of Korzekwa et al. if adduct formation is reversible
(“substrate debinding”).”! Some evidence supporting
reversible adduct formation, consistent with either
an olefin z--complex or metallaoxetane formation, was
obtained by Groves and Watanabe in their detection
of a dark green (porphryin radical), catalytically
competent intermediate.”’

In a general sense, the evidence indicates that
arene oxide formation is sufficient, but not necessary,
to give an NIH shift. As a result there is a tendency
to include an arene oxide unless there is direct
evidence against its intermediacy. In contrast, the
observation of an NIH shift with heavy hydrogen
isotopes is good evidence for a normal isotope effect
on cyclohexadienone enolization, and transitively, for
invocation of an initial oxidized species (either ep-
oxide or a tetrahedral adduct). It is difficult to
imagine how a hydroxyl radical would be consistent
with an NIH shift, which in turn is regarded as good
evidence for oxygen atom transfer.

Partitioning of this reactive intermediate between
aromatic and aliphatic hydroxylations has been
examined in the case of toluene, which gives phenolic
products and benzyl alcohol in a 1:2.2 ratio. Since
aromatic hydroxylations have no significant isotope
effects, hydroxylation of ring-deuterated toluene
shows about the same aromatic:aliphatic partitioning
(2:2.1). Increasing the number of deuteriums in the
methyl group from 0 to 3 causes a reversal of this
preference (1:0.32), which was about the same in
perdeuterated toluene (1:0.24). When the partially
rate-limiting, slow dissociation of benzyl alcohol is
accounted for, an isotope effect of 7.4 is obtained for
benzylic hydroxylation of toluene.

Despite a high commitment to catalysis (small
intermolecular isotope effects), the P(V/K) of the
observed aliphatic:aromatic ratio is substantial, 6.3.748
This indicates that the partitioning is due to isoto-
pically sensitive branching (“metabolic switching” 74°)
that results from a reversible interaction of toluene
with the activated, enzyme bound-oxygen species,
and that product formation from this interaction is
faster than substrate release.’®

There are some parallels between these observa-
tions and the small number of aromatic amino acid
hydroxylase reactions known to produce multiple
products (e.g., p-methyl-L-Phe hydroxylation by PAH,
L-Phe hydroxylation by TyrH) that will be discussed
below, in the context of each enzyme’s reactivity.

6. Reactivity Models Relevant to Monooxygenase
Chemistry

One of the cornerstones of bioinorganic chemistry
has been finding compounds that model metallopro-
tein active sites. An important distinction between
structural/spectroscopic modeling and functional mod-
eling is that the former are sometimes inert, in which
case any inferences made about catalytically active
entities are necessarily indirect. Of course, the
perfect model of an enzyme’s active site is both
structurally and functionally identical; this ideal has
been nearly realized for models of iron—sulfur clus-
ters and for hemoprotein monooxygenases.”50-752
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The general strategy for heme monooxygenase
modeling has been to react a soluble iron porphyrin
with near-stoichiometric amounts of an oxygen atom
donor, usually OIPh or mCPBA, thereby avoiding
complications associated with O, reduction followed
by homolytic vs heterolytic cleavage of the peroxo
O—0 bond. Sequestering the reactive oxyferryl ad-
ducts of these heme compounds proved to be the key
to obtaining structural analogues of HRP intermedi-
ates, which were also reactive compounds them-
selves. Tetraarylporphryins have sufficient steric
bulk to preclude formation of the inert u-oxo-bridged
dimer. Using [Fe?"(TPP)CI] with OIPh as the source
of oxygen (TPP = tetraphenylporphyrin), Groves et
al. first demonstrated catalytic cyclohexene epoxi-
dation and allylic hydroxylation (55 and 15% yields,
respectively, vs starting material). The stereochem-
ical integrity of cis-decalin (5:1 cis:trans decalol
product) and cis-stilbene (cis-stilbene oxide) were
maintained during oxidation, but trans-stilbene was
not epoxidized. These results require direct partici-
pation of the porphyrin catalyst in the oxygen-
transfer step, since they are inconsistent with oxi-
dation due to free radical formation or any small
oxidant (i.e., HO* and OIPh).7s3

The first structurally characterized, catalytically
competent oxyferrylporphyrin was formed by reaction
of [Fe3*(TMP)CI] (where TMP = tetramesitylporphy-
rin) with OIPh or mCPBA, which yielded a green
adduct. A z-cation radical was indicated by 'H NMR
and visible absorption spectroscopy, Fe*" by Mdoss-
bauer spectroscopy, and St = 3/, by magnetic sus-
ceptibility, consistent with a [Fe*=0 (TMP**)(L)]
formulation. Most important, norbornene oxide was
generated in 78% yield (vs mCPBA) with incorpora-
tion of label exclusively from H,'80, which would not
occur were the oxidation mediated by mCPBA it-
self.’”® EXAFS of this species in comparison with
HRP compounds | and Il showed short Fe—O dis-
tances (1.60—1.65 A), and therefore is consistent with
Fe*t=0 being present in each. The spectral similar-
ity between HRP intermediates and the reactive
[Fe**=0O (TMP*)(L)], which functions like cyto-
chrome P450, reinforces the previously inferred
chemical similarity between the two enzymes’ active
sites and intermediates, despite their overall func-
tional differences. [Fe**=O0](P*") is now generally
accepted to be an intermediate in all three pathways.

From this point, work with models has expanded
to include O; binding and asymmetric catalysis by
increasingly elaborate porphryin-based molecules.”>®
A parallel modeling approach, using manganese
porphyrins, continues to provide information about
the effects of the metal’s oxidation state on complex
formation and catalysis.”®® A current area of interest
is in improving the selectivity of the useful manga-
nese and iron porphyrins by alteration of ligands and
the reaction conditions.?8® The longstanding syn-
thetic challenge of creating a model porphyrin with
an axial thiolate ligand has recently been achieved
and should be useful in broadening our understand-
ing of electron transfer into the iron site.”® Protein-
centered catalytic studies have evolved in two
directions: toward understanding the mechanistic
details of (and partitioning between) alkane hydroxy-
lation, N- and O-demethylation, and the other en-
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zyme activities of cytochromes P450, and toward
“protein engineering,” an approach to determining
reactivity and specificity that employs various cyto-
chrome P450 mutants and remodeling other hemo-
proteins that are not ordinarily monooxygenases.’”®’

Although the success with hemoproteins and por-
phryin compounds has been remarkable, it remains
unknown which aspects of the enzymes and model
compounds are essential to the generation of reactive
intermediates. In part, slight modifications of heme-
containing compounds and biomolecules can illumi-
nate this issue, but it is quite clear that neither heme
nor iron is essential for oxygen-atom transfer. In
order to encompass and understand the chemistry
of selective oxygen atom transfers, it is important to
step away from heme compounds. For the rest of this
section, various methods of oxygen atom transfer that
do not include a heme moiety are discussed, in order
to generalize oxygen transfer itself and understand
how the aromatic amino acid hydroxylases might be
able to perform chemistry reminiscent of cytochrome
P450 without the presence of its versatile prosthetic
group.

As expected from the term “oxygen atom transfer”,
atomic oxygen is capable of oxidizing a number of
organic substrates. The ground-state triplet species
O(®P) can be generated by mercury-photosensitized
decomposition of N,O in the gas phase, or by y-ir-
radiation of liquid CO,. In the latter case, the
reactivity properties of O(®P) are most easily exam-
ined. Retention of configuration in the hydroxylation
of cis- and trans-decalin (83% and 93%, respectively)
confirms that the abstraction of a proton is followed
very quickly by radical recombination, perhaps be-
cause the radical pair is confined to a “solvent
cage”.”®® When toluene is exposed to O(°P), o- and
p-cresols are the primary products, formed with no
significant isotope effect (ku/kp = 1.1 for benzene).
However, deuterium is retained in the products,
indicating an NIH shift occurs: with [2,4,6-°H]-
toluene the retention of label is 52% with O(®P)
compared to 54% with microsomes. An isotope effect
of 2.1 is obtained for cyclohexadienone rearomatiza-
tion, and the rates of phenol formation from various
substituted benzenes yield a negative value for the
Hammett parameter p, both of which are similar to
results with cytochrome P450 itself.”>® Thus it ap-
pears that this simplest electrophilic oxidant has all
of the mechanistic hallmarks of enzyme-mediated
aromatic hydroxylation, with the obvious exception
of positional specificity.

In a preparative sense, perhaps the simplest solu-
tion method of aromatic hydroxylation is the Fenton
reaction, in which Fe*"/H,O, mixtures generate
highly reactive hydroxyl radicals.”® Incubation of
[4-*H]acetanilide (a substrate of microsomal hydroxy-
lases that undergoes an NIH shift) with Fenton’s
reagent causes formation of the three isomeric hy-
droxyacetanilide products. Only the m- and o-hy-
droxyacetanilide products retain full *H levels, while
>98% of the label is lost in the p-hydroxyacetanilide
product. This demonstrates the incompatibility of
the hydroxylation mechanisms that lead to an NIH
shift and the HO*-mediated Fenton’s chemistry.5!

While this may be true for HO*, later studies of
Fe?t/H,0; in dry acetonitrile have uncovered reac-
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tivities that are inconsistent with HOe formation.
This appears to be due to the 1.2 V increase in the
Fe3*/Fe?* redox couple, to +1.4 V (vs NHE).”52 When
aromatics are oxidized by this system, an NIH shift
occurs, to about the same extent as microsomes.”s3
However, the extent of NIH shift for toluene is only
slightly reduced when the reaction is run in the
presence of H;0O, in a reaction inhibited by O,. Under
180,, preferential incorporation of label into the meta-
position was observed (toluene in 90% CH3;CN gives
6% phenolic products, containing 4.0% (ortho), 29.3%
(meta), and 5.0% (para) 80). Methoxylation also
gave an NIH shift, indicating a non-arene oxide
mechanism.’®4

Some directing effects were observed with cyclo-
hexanol hydroxylation, which produced mostly cis-
1,3-cyclohexanediol. Only a small isotope effect was
observed (ku/kp = 1.18) on initial hydrogen abstrac-
tion, which was proposed to lead to carbonium ion
formation by Fe®*. In specifically deuterium-labeled
7-hydroxynorbornanes, the overhanging hydroxyl
directs stereoselective collapse of the carbonium
following 2,6-hydride transfer. The net conservation
of stereochemistry is proposed to result from two
sequential stereoselective processes.”%®

Thus it appears that this “simplest” oxidation
mechanism has both alternate pathways and can
form some sort of oriented, perhaps oxyferryl-
containing, intermediate complexes. While Sugimoto
and Sawyer claim to have excluded high-valent iron
species,’® alternate proposals for the mechanism of
this reaction remain speculative.

The observation of an NIH shift in any case
strongly suggests oxygen atom transfer. Related
systems, such as the Udenfriend reagent Fe?t/O,/
ascorbate/EDTA, give product distributions inconsis-
tent with HO* formation but which are still relatively
unselective and do not yield an NIH shift.5"°

Only a limited number of entirely organic com-
pounds are capable of hydroxylating unactivated
aromatics by themselves, most notably dioxiranes,
iodosylbenzenes, and peracids (CF;COszH, phenyl-
peracetic acid, and mCPBA). All of these are capable
of catalyzing oxo atom transfer, but homolytic frag-
mentation also occurs, especially with peracids. This
is due to the competition between oxo atom transfer
and fissioning of the weak O—0O bond (~50 kcal mol~?
for H,0, homolysis compared to 120 kcal mol~?! for
HO* formation by proton abstraction). When these
oxygen-atom donors are used with metal complexes,
either method of decomposition can occur.

An important tool in distinguishing these two
alternatives was developed by Coon et al. for phen-
ylperacetic acid-dependent oxidations. When the
O—0 bond is fissioned homolytically, the phenyl-
acetoxyl radical is formed and decarboxylation occurs
extremely rapidly, on the order of the time required
for bond motions. The resulting benzylic radical then
forms toluene or one of several radical-reaction
products. If heterolytic fission occurs, the product
is phenylacetic acid, which cannot be produced by the
radical pathway. Quantitative analysis of the de-
composition products of the oxygen atom donor can
thereby reveal the underlying mechanism of oxygen-
ation with phenylperacetic acid,’®” which is often
related to the mechanism with related oxidants.
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Efficient NIH shifts occur with peracids, to an
extent that depends on the aromatic substituents, but
not the Hammett ¢* values, and is different from that
with microsomes (perhaps because of the acidic
conditions used). No primary isotope effect is de-
tected with CF;COzH-mediated conversion of benzene
to phenol. When chloro- and bromobenzenes are
treated with CF3CO3;H in CHCI3; or CH.CI,, ap-
preciable amounts of di- and trihalogenated phenolic
products are also obtained. This strongly suggests
that radical formation occurs at least some of the
time. However, the CF3CO3H results are consistent
with direct formation of a short-lived arene oxide,
which is almost certainly what leads to the observed
NIH shift.”®8

Methyl group and chloride migrations are
known,’®®770 as in the conversion of prehnitene
(1,2,3,4-tetramethylbenzene) to 2,3,4,6-tetrameth-
ylphenol by CF3CO3H.7"%

While iodosylbenzenes are most often used as
oxygen sources in metal-mediated hydroxylation, it
should be remembered that they are capable of
epoxidizing substrates directly or by nonredox adduct
formation, particularly the very reactive OICgFs.743772

One of the most reactive organic oxidants available
is dimethyldioxirane, a cyclic peroxide formed from
acetone by monoperoxysulfuric acid (caroate, KH-
SOs), commercially available as a stable mixture of
2KHSO5'KHSO4-K,SO, (Oxone, DuPont). Dimeth-
yldioxirane performs clean oxygen atom transfers to
alkanes, alkenes, aromatics, and heteroatom-contain-
ing substrates.””3774 Arene oxides (many are “mul-
tiple hits”, containing more than one epoxide moiety)
are formed in moderate yield by Oxone from poly-
cyclic aromatic hydroxycarbons but not benzene.””®
Dioxiranes pass several important tests for non-
radical oxo transfer, including retention of stereo-
chemistry upon hydroxylation of cis-1,2-dimethyl-
cyclohexane, and for the cis and trans isomers of
decalin,’’® styrene,””” and stilbene.”’® A negative
value of the Hammett parameter p is obtained for
para-substituted styrene epoxidation,””” and cy-
clododecane yields ku/kp = 4.97.776

In addition to these three common oxidants, an
NIH shift is also observed with HOF"® and irradiated
pyridine N-oxides,® perhaps in analogy to the O(°P)
reactivity described above. No NIH shift results from
incubation of substrates with reduced flavin/O,78! or
Fe?*/O,/reduced pteridine.>® In the former case, this
appears to be a matter of requiring a phenolic or
similarly “activated” aromatic substrate for flavin
hydroxylases, which would be expected to exchange
deuterium because of a stabilized carbonium ion; the
latter case appears to be an instance of reduced
pteridine functioning as a simple reductant in a
Fenton-like, HO*-producing system.

The few organic compounds that perform oxygen
atom transfer are all oxides of a sort and have
already overcome the key barrier, the conversion of
triplet O, to a reactive S = 0 or Y/, species. Only
metal compounds and organic radicals are known to
react with triplet O, directly, forming oxides, perox-
ides, and superoxides. Many metal oxides are able
to transfer oxygen atoms, including the extremely
reactive ferrate ion (FeO,?") and the more conve-
niently handled permanganate (MnO,~) and chromyl
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(CrO2?7) ions. In addition to their invaluable role in
organic synthesis, their study®? laid the foundation
for later mechanistic work with organic and coordi-
nation compounds, including much of what was
discussed above. In abiomimetic vein, Sharpless and
Flood discovered that chromate-mediated arene ep-
oxidations are associated with NIH shifts.”#?

Given the wide distribution of porphyrins in na-
ture, it is perhaps initially surprising that in the
short history of non-heme iron model chemistry, a
number of systems have been found to have reactivity
analogous to that described for heme compounds.
Chemically, there is nothing peculiar about heme
compounds; they happen to function well in their
biological niche and so have been maintained. Using
comparatively simple principles from standard coor-
dination chemistry, one can design a broad range of
functional non-heme compounds having desired solu-
bility, reactivity, and stereoselective properties.

Since progress in this area has been recently
reviewed,’®® the current discussion is restricted to
mononuclear iron complexes that catalyze oxidations.
In the wake of the crystal structure of the binuclear
non-heme iron hydroxylase component of methane
monooxygenase, which has a carboxylate-rich pri-
mary coordination sphere, the coordination chemistry
of anionic ligands has returned to prominence in the
modeling field. Bruice’s group has shown how the
reactivity of [Fe3*(EDTA)(Sol)]~ can be modulated by
the identity of the “leaving group” of the oxygen atom
donor.”® A related phenomenon has also been ob-
served with heme compounds, which catalyze oxygen
transfer from OICqFs faster than from OIPh.”"?

Recently, the ability of a carboxylate-rich environ-
ment to support oxygen atom transfer chemistry in
model systems was demonstrated.'®® Reactivity stud-
ies performed with [Fe?t(MeEDTrA)(Sol)]” and Fe3*
(MeEDTrA)(Sol) show that both model systems are
capable of catalyzing the decomposition of phenyl-
peracetic acid by heterolytic cleavage of the peracyl
O—0 bond. Furthermore, isostructural Zn?* and
Ga®** complexes did not catalyze this reaction, indi-
cating that a metal-based redox process is necessary
for the peracid decomposition reaction. Using di-
methylanaline N-oxide (DMANO) as the oxygen atom
donor molecule, Fe¥"(MeEDTrA)(Sol) catalyzed oxy-
gen atom transfer reactions to a variety of substrates;
simple olefins (cyclohexene, cis-, trans-stilbene, sty-
rene) gave either allylic oxidation products (cyclo-
hexenol, cyclohexenone) or epoxides with loss of the
original stereochemistry of the olefin. Oxidation of
sulfides and sulfoxides gave the corresponding sul-
foxides and sulfones, indicating the capability of this
system to perform 2e~ oxidation reactions. In all
cases, the Zn?* and Ga3* complexes were inactive as
oxygen atom transfer catalysts. The chemistry of
[Fe?"(MeEDTrA)(Sol)]- was dominated by the rapid
formation of the u-oxo(Fe**(MeEDTrA), complex by
either DMANO or O, (4:1 Fe?" per O,), thereby
precluding any investigation of its catalytic chemis-
try.160

Reactivity studies have a disproportionate impor-
tance in the absence of enzyme crystal structures,
which is unfortunately the situation in the pterin-
dependent monooxygenases. Non-heme iron-depend-
ent hydroxylases must position metal-binding resi-
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dues, the ligands that determine the geometry and
behavior of reactive metal-centered intermediates,
using only the structure of the protein matrix and
an armamentarium of the common amino acids. The
geometric parameters of the PAH active site are
being determined in our laboratory, with the eventual
goal of depicting the structure of the quaternary
reaction complex. When combined with the develop-
ment of reactive compounds that recapitulate the
catalytic details of aromatic hydroxylation, a good
foundation for understanding how the iron site func-
tions in the context of the surrounding protein and
substrates can be developed.

7. Uncoupling of 6MPH, Oxidation

In the case of both PAH and TyrH, the coupling of
reduced XPH, oxidation to substrate hydroxylation
is imperfect for several alternate substrates and
cofactor analogues. At least some H,0; is formed by
uncoupled turnover of 6MPH, by PAH. Since it is
capable of oxidizing both the reduced enzyme and
additional 6MPHy,, the buildup of substoichiometric
levels of H,O, may indicate that it is rapidly reacting
elsewhere. Peroxide formation is either the result
of partitioning of the normal hydroxylating inter-
mediate into a nonproductive release of H,O, (which
may not be direct), or it is evidence of a different
oxygen-activation reaction.

Since uncoupling generally increases (the reaction
efficiency decreases) when the suitability of the
substrate or cofactor available to the hydroxylase is
poor, some form of partitioning is likely to occur prior
to peroxide formation. A completely coupled reaction
is obtained with PAH or TyrH using 6MPH, or BH,
as cofactor, and the appropriate enzyme substrate.
Lysolecithin-activated PAH gives mostly uncoupled
6MPH, oxidation when L-Tyr or o-methylphenyl-
alanine are presented as substrates, but the reactions
with the two amino acids are mechanistically distinct.
In the former case, no L-Dopa is formed, and L-Tyr
labeled with 20 in the phenolic hydroxyl position
suffers no washout following exposure to uncoupled
PAH turnover in normal air and water, indicating
that there is no exchange of the hydroxyl group.54
Less than 1% conversion to phenolic products is
observed in the latter case, with 6MPH,, BH,, or
pyrimidine cofactor.®®* However, even this small
amount of conversion indicates that the enzyme is
capable of performing the reaction, albeit ineffec-
tively. The complete inability of PAH to oxidize L-Tyr
is likewise significant, even though the net results
are nearly the same.

TyrH is able to hydroxylate L-Phe but with signifi-
cant uncoupling (the reaction is roughly as efficient
as p-fluorophenylalanine hydroxylation by PAH).
Each 6MPH, oxidized by TyrH in the presence of
L-Phe generates 0.7% m-tyrosine and 16.8% p-
tyrosine, with 82.5% of the 6MPH, oxidation un-
coupled to hydroxylation.” Both PAH and TyrH are
able to hydroxylate L-Trp at the same 5-position as
TrpH. TrpH is also able to hydroxylate L-Phe 332372

As was mentioned above (section IV.A.3), uncou-
pling also occurs with cytochrome P450 when the
substrate pocket is not occupied by a suitable sub-
strate. Uncoupling is not unique to iron-containing
hydroxylases. A structural rationale involving incor-
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rect positioning of the isoalloxazine during turnover
has recently been suggested for p-hydroxybenzoate
hydroxylase uncoupling.”8®

8. Substrate Specificity and the Hydroxylating
Intermediate

The different amino acid hydroxylases are well
suited to their catabolic and biosynthetic tasks, which
unlike the detoxifying or biosynthetic tasks allotted
to the cytochromes P450, requires both high selectiv-
ity and high conversion rates. As with cytochromes
P450, toxic reduced oxygen species are not released
into the cytoplasm as a result of the non-heme
enzyme catalysis. The heme-dependent hydroxylases
accomplish this by careful control of electron transfer.
The non-heme iron-dependent hydroxylases appear
to increase efficiency by tightly sequestering their
reactive intermediates and avoid release of reduced
oxygen species, with the possible exception of the
relatively unreactive H,O,. This may be because of
internal trapping/autoinactivation, or the abortive
uncoupled turnover, which may serve to safely dis-
charge the hydroxylating species in the absence of
an appropriate substrate without enzyme autoinac-
tivation.

One might expect enzymes of this type to distin-
guish carefully among their closely related sub-
strates. However, it appears that the K, (or K))
values of each hydroxylase for the three aromatic
amino acids are relatively similar, as is the rate of
6MPH, consumption. Substrate selectivity may be
achieved for the cognate substrate by optimizing the
geometry of the transition state within the context
of the conserved catalytic core. TyrH has a unique
ability to overcome catecholamine inhibition (section
11.B.3.5), which is the single physiologically signifi-
cant regulatory phenomenon that has been shown to
affect the active site iron configuration directly, by
bidentate coordination. Since PAH does not have
this ability, the potential for product inhibition is
minimized if L-Tyr is never accepted as a substrate.
Perhaps TyrH would be similarly overwhelmed by
catecholamines were they not continually removed
from the neuronal cytosol into storage vesicles.

PAH does not form m-tyrosine, a product that
might accumulate unproductively in liver, nor is it
able to modify L-Tyr. When TyrH is presented with
L-Phe, it forms mostly p-tyrosine rather than the
“expected” m-tyrosine product. These reactions are
only partially coupled to cofactor oxidation (Table 11,
section 1V.C.2). Despite the inefficient oxidation of
6MPH, in this reaction, the V. of TyrH (NADH
oxidation) with L-Phe is 44% higher than with the
fully coupled hydroxylation of L-Tyr.”®” This partially
compensates for the uncoupling with L-Phe, yielding
a hydroxylated phenylalanine formation rate that is
~30% of the L-Dopa formation rate. If one considers
the possibility that the hydroxylation of an unacti-
vated aromatic substrate, which is more difficult than
the hydroxylation of a phenolic substrate, is intrinsi-
cally slower, then the difference between consump-
tion of the two different substrates would be even
more subtle.

On the other hand, the maximum coupled velocity
of L-Tyr hydroxylation by TyrH is 5- to 7-fold smaller
than the maximum coupled velocity of L-Phe hy-
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droxylation by PAH. This suggests that TyrH pays
for its selectivity with a slowing of the rate-limiting
step (an irreversible step, thought to be generation
of the hydroxylating intermediate or perhaps hy-
droxylation itself). In redirecting the tendency of the
hydroxylase catalytic core to attack the para position
of the amino acid substrate, TyrH avoids uncoupled
turnover with its cognate substrate, the opposite of
what occurs in the PAH/L-Tyr pairing. TyrH is likely
to have unique structural or functional features that
allow L-Tyr hydroxylation that are missing in PAH
and TrpH.

A possibly related issue is the irreversible, first-
order inactivation of PAH that occurs during coupled
L-Phe hydroxylation,>® with a half-life of 4—6 min
under standard assay conditions (25 °C).536* Whether
such inactivation occurs in TyrH catalysis is appar-
ently dependent upon the preparation of enzyme and/
or assay conditions.”® In an older report using a
lower activity, partially purified preparation, product
accumulates linearly over 20 min (assay method
unstated).*® Catalase is near-ubiquitous in assays
of these hydroxylases, whether included intentionally
or as an impurity, because it protects the enzymes
from some form of inactivation, which might be
mediated by a tetrahydropterin/O, interaction that
forms peroxides or superoxide.”

A simple link between the uncoupled turnover and
inactivation processes might be that both arise from
creation of a reactive intermediate at an inappropri-
ate time, followed by wasteful or damaging discharge
of the electrophilic oxygen species.'®® Perhaps the
more-rapid catalytic turnover of PAH is related to
its more rapid rate of autoinactivation during turn-
over, relative to TyrH, and by extension, to the
control of the hydroxylating intermediate. TyrH is
expressed in a developmentally regulated manner in
neurons and builds up a pool of recycled neurotrans-
mitters, while PAH is expressed constitutively at
high levels in liver, where it is responsible for a
detoxifying, bulk catalytic conversion. It may be
reasonable to accept rapid PAH degradation if greater
catalytic power is gained. (The physiological half-
life of PAH in a normally fed rat has been reported
to be 48 h"® but this value has been challenged.”®)

It seems that the bound iron is more easily removed/
exchanged in TyrH and some forms of PAH (the
human and P. acidovorans forms) when compared to
the rat liver PAH. The potential hydroxylase-regula-
tory role of iron availability has not been extensively
explored in vivo or in situ beyond one report with
PAH.52

B. PAH
1. Kinetic Mechanism

The overall steady-state kinetic mechanism of PAH
is terbisequential, with some degree of randomness
in the order of substrate addition. Several early
reports of the kinetic mechanism using crude frac-
tions indicated other mechanisms might apply, on the
basis of the appearance of parallel lines in the double-
reciprocal plots. The only full set of steady-state
experiments with all three substrates was performed
using DMPHy,, L-Phe, and O, using low-activity PAH,
which yielded the assignment of the mechanism.”®®
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An examination of the 6MPH, and L-Phe satura-
tion behavior at ambient O, was reported using
L-Phe- and lysolecithin-activated highly active, re-
combinant PAH.®1 An advantage in using the un-
natural activator is that one is not limited to a
narrow L-Phe substrate range when it is used as the
activator; the K, for L-Phe (0.18 mM) is within a
factor of 2 of the Kyapp (0.11 mM) for the allosteric
activator site.”® While the L-Phe activated data were
best fit by parallel lines, the lysolecithin-activated
data clearly showed a sequential mechanism is
operative in a wide range of substrate concentrations.
There is no indication in the lysolecithin-activated
data for a preferred order of substrate addition.®* This
result rules out release of any product prior to the
binding of all substrates and with it all substituted-
enzyme mechanisms (like {Fe*"=0}PAHR + L-Phe
— products after dissociation of g-6MPH;). The K,
for 6MPHy, is essentially the same for L-Phe activated
(45 uM) and lysolecithin-activated PAH (60 «M).6%76

The K., for BH, is lower than for 6MPH,, with
values of 3—21 yM.102117637 The K, for BH,4 binding
to {Fe?"} PAHE‘_F,he (performed in the presence of
saturating acetohydroxamate to inhibit catalysis) is
14 uM, close to the Ky, g, determined under the same
conditions (15 uM, no inhibitor present), and the Kgq
obtained by direct titration of {Fe?'}PAHT with
6MPH, (14 + 1.5 uM).1*" Rat liver PAH has a Vmax
= 22 s (per subunit for fully iron-loaded enzyme).17°

Inhibitor studies that might indicate the order of
substrate addition or product release have not been
informative. Phenylalanine is a weak inhibitor using
6MPH,; (>4 mM),”® and O, has been reported to
inhibit the enzyme at high levels with BH; as
cofactor.” The K, (NADPH oxidation) for L-Tyr has
been estimated to be eight times that of L-Phe under
comparable conditions, yielding a rate of ~2% that
of coupled L-Phe hydroxylation.'®? Since the PAH-
catalyzed oxidation of 6MPH, in the presence of L-Tyr
is completely uncoupled, this indicates an approxi-
mate K4 of 2 mM, which approaches the solubility of
L-Tyr under assay conditions.

While the oxidized pterin products of the PAH
reaction are ordinarily unstable, the stable analogue
g-6,6-M,PH, does not inhibit PAH catalysis, up to 0.4
mM.561 A comparable determination has not been
reported with 4a-OH-6MPH;, the initial hydrated
pterin reaction product, but the recent synthesis of
this compound (section 111.B.6) should allow that
experiment to be performed. 5-Deaza-6MPH, is a
competitive inhibitor vs 6MPH, during hydroxylation
and is noncompetitive with L-Phe binding to { Fe3'}-
PAHR 117566 a5 are most inhibitory tetrahydropterin
analogues (Figure 27). The only mechanistic conclu-
sion arising from the use of this completely unreac-
tive inhibitor is that it can bind PAH prior to L-Phe.

A tight- and reversibly-binding L-Phe antagonist
has not been discovered, although many inhibitors
show some limited degree of competition vs that
substrate. The classic PAH inhibitors p-chloro- and
p-fluorophenylalanine are actually poor hydroxyla-
tion substrates that cause significant uncoupling. In
principle, one might monitor the specific rate of
hydroxylation of a poor alternate substrate (i.e.,
appearance of m-chlorotyrosine or F~ release, and not
tetrahydropterin oxidation) in an attempt to deter-
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Table 8. Alternate PAH Substrates
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alternate substrate product (assay) comments ref(s)
L-methionine L-methionine sulfoxide activates at 28 mM 795
L-tryptophan 5-hydroxy-L-tryptophan activates at 28 mM 80, 401, 795
L-norleucine e-hydroxy-L-norleucine activates at 28 mM 795
D-methionine (NADPH) 795
p-phenylalanine D-tyrosine (85%) activates at 28 mM 795
pL-f—2-thienylalanine (NADPH) activates at 28 mM 80, 795, 796
pL-f—3-thienylalanine (NADPH) 795
S-methyl-L-cysteine (NADPH) Iss0o = 6 MM 795
DL-m-tyrosine (NADH) 42
L-[2,5-H]phenylalanine 3,4-epoxide <50% activating at 20 mM 797
L-cyclohexylalanine 7-hydroxy-L-cyclohexylalanine (“para”)  Cv PAH? gives 9:1 axial:equatorial 798
products
p-methylphenylalanine 4-(hydroxymethyl)-L-phenylalanine and also hydroxylated by Pa and Cv 798—-800
3-methyl-L-tyrosine (3.9:1, 6MPH,)® PAH'’s to both products
p-(hydroxymethyl)phenylalanine  (NADH) 800
p-methyl-m-tyrosine (NADH) 800
m-tyrosine Dopa reaction is completely coupled to 102, 801
NADPH oxidation
o-methylphenylalanine (2-methyltyrosine) reaction is <1% coupled 664
o-fluorophenylalanine (NADPH) 796
m-fluorophenylalanine (NADPH) unpublished claim in ref 604 that 604, 796
this is a good substrate
p-fluorophenylalanine tyrosine reaction is ~20% coupled; no NIH 608, 802

p-chlorophenylalanine 3-chlorotyrosine

p-bromophenylalanine 3-bromotyrosine

shift

reaction is partially coupled; also 802
hydroxylated by Pa PAH

also hydroxylated by Pa PAH 802

a Cv = Chromobacterium violaceum; Pa = Pseudomonas aeruginosa. ® An early report’®® of 4-methyl-m-tyrosine formation from
4-methylphenylalanine or 4-chlorophenylalanine by Pa PAH has not been observed with other sources of PAH.

mine the preferred order of substrate addition, if any,
but this has not been reported.

Haavik, Martinez, Mildvan, and co-workers have
studied the enhancement of the longitudinal relax-
ation rates (T1™') of HDO or L-Phe protons in the
presence of either PAH or TyrH containing paramag-
netic Fe3t or Co?t.327.7927%3 pPgramagnetic ions de-
crease T, because of the availability of relaxation
mechanisms due to nuclear coupling with the un-
paired electron, which has a rapid spin—lattice
relaxation rate. Broadening of L-Phe aromatic reso-
nances results from incubation of 3 mM L-Phe with
{Fe3"}PAHF ., in a manner that can be dimin-
ished by addition of 1 mM L-noradrenaline.”®® Re-
laxation enhancement is not seen with Fe?*-contain-
ing PAH.327 The paramagnetic relaxation pathway
dominates the effective dipolar correlation time,
which was found not to depend upon the rotational
correlation lifetime or exchange lifetime. Enhance-
ment of the HDO relaxation (TIPl) is caused by
{Fe**}PAHT in phosphate buffer, a rate that is
approximately halved if the buffer is Tris (pH 7.25)
or if {Fe3*}PAHR , [L-Phe] is used in either buffer.
Because T, is temperature dependent but fre-
quency independent, the exchange of water appears
to limit the relaxation rate. This evidence is consis-
tent with direct coordination of water to the Fe3* site.
The decrease in the relaxation rate is not the result
of allosteric activation per se, since lysolecithin
concentrations to 5 mM do not significantly decrease
T,~, but addition of L-Phe causes a progressive
decrease (Kapp ~0.5 mM) consistent with its pertur-
bation of the active site environment. In contrast,
titration of {Fe®*} PAHT with L-Phe or L-noradrena-
line gives a multiphasic relaxation response.”? It is
highly likely that a weakly coordinated site is present
in PAHR _, [L-Phe] that is used for interaction with

O, or the putative tetrahydropterin hydroperoxide.
The displacement of water evident from the length-
ening of the relaxation lifetime has an unknown
structural correlate; independent iron spectroscopic
work rules out the possibility of a change (i.e., 6 —
5) in the iron coordination number upon allosteric
activation.62

The suggested displacement of a labile water
molecule upon substrate binding resulting in a five-
coordinate active site iron center”? is not supported
by recent MCD and XAS studies.’®? A detailed
examination of { Fe?*} PAHT, { Fe?"}PAHR, and { Fe?'}-
PAHR . .[L-Phe] was consistent only with a six-
coordinate site. NMR studies using Co?"-substituted
TyrH (section 1V.C.2) suggest that the aromatic ring
of the alternative substrate L-Phe is located in the
second sphere of the Co?* ion with no other group of
the substrate near enough to bind directly to the
metal center.”® The data from the MCD and XAS
studies indicate that substrate binding causes a
rearrangement of the existing active site coordination
environment and does not alter the nature of those
ligands.162

2. Alternate Substrates

PAH will hydroxylate several aromatic and ali-
phatic amino acids when activated, usually by lyso-
lecithin. Other amino acids, notably L-Met and L-Trp,
are PAH activators and substrates at high levels (28
mM). Subtle catalytic effects resulting from different
activators have been reported,’®® but in the main,
PAH activated by whatever means will hydroxylate
the range of substrates indicated in Table 8. In-
cluded on the list are examples of oxygen atom
insertion into alkane and aromatic C—H bonds, and
the somewhat less energetically demanding oxygen
atom transfers to form an epoxide or sulfoxide.
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Few alternate substrates are hydroxylated in a
completely coupled manner. Even minor conversion
to a hydroxylated product indicates that the PAH-
bound hydroxylating intermediate is sufficiently
reactive to effect the conversion. Whether this hy-
droxylating intermediate is the “same” as with coupled
hydroxylation of L-Phe is unknown, since each sub-
strate necessarily follows a formally different mech-
anism. However, it is reasonable to infer a common
intermediate(s) formed among the iron, oxygen, and
tetrahydropterin, that is discharged with concomitant
substrate oxidation. If the aromatic C—H bond
strength at the para position in L-Phe can be ap-
proximated by the known C—H bond strength in
benzene (111 kcal mol~?t), even the natural substrate
clearly requires formation of an extremely reactive
species; this intermediate is also capable of breaking
a C—F bond in p-fluorophenylalanine.

Many amino acids and amino acid analogues are
not substrates for lysolecithin-activated PAH, includ-
ing L-glutamine, L-proline, L-glutamate, L-isoleucine,
L-valine, phenylglycine, phenyllactate, phenylprop-
rionate, phenylacrylate, phenylpyruvate, n-caproate,
or phenethylamine at 6 mM.”® These compounds do
not stimulate the rate of tetrahydropterin oxidation
(detected by coupling to NADPH oxidation), so it is
reasonable to conclude that they either bind insig-
nificantly to the amino acid binding site or (if they
do bind) they are incapable of inducing the quater-
nary complex to commit to generation of the hy-
droxylating intermediate.

Several substrates are poorly utilized by PAH but
nevertheless are oxidized to a limited extent. Each
of these slowly utilized substrates also yields un-
coupled tetrahydropterin oxidation. In general terms,
the degree to which V. is lowered (hydroxylated
product formation) correlates well with the increase
in uncoupling. The remainder of the substrates in
Table 8 fit this description, ranging from the tightly
coupled L-[2,5-H]Phe (98% coupled at 0.1 uM ) to
o-methylphenylalanine, which yields detectable phe-
nolic products in <1% vyield.%64

As the similarity to the natural amino acid sub-
strate decreases, so does the reaction efficiency: for
example, L-norleucine hydroxylation is 47 + 2%
coupled while p-methylphenylalanine hydroxylation
(to several products, vide infra) is 91 £+ 1%
coupled.”®58%0 A para-substituted phenylalanine (F
or OH) leads to more significant uncoupling than if
the same moiety were located in the meta or ortho
positions. While there may be some Hammett-type
substituent effects contributing to this observation,
it is more likely that the para substituent may cause
some steric crowding and thereby inhibit catalysis.
Other substrates give entirely uncoupled tetra-
hydropterin oxidation, including L-Tyr, L-leucine, and
L-norvaline.”®8%% These compounds evidently acti-
vate the catalytic commitment “trigger” within the
guaternary complex, but their side chains are not
correctly presented to the hydroxylating intermedi-
ate, perhaps because they are too small to extend
from the glycine-binding region to the vicinity of the
reduced oxygen species. (Were this not the case, a
methyl C—H bond in the latter two would be expected
to show at least some conversion.)
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The rather finicky nature of PAH with respect to
its amino acid substrate is probably the main reason
no unambiguous stereochemical probes of the hy-
droxylation reaction have been developed. With
L-cyclohexylalanine hydroxylation by C. violaceum
PAH, a 9:1 axial:equatorial (relative to the presum-
ably equatorial alanine substituent) product ratio has
been observed. Since the cyclohexyl group is confor-
mationally nonrigid, it is impossible to determine if
this result indicates a stereospecific hydroxylation or
a statistical distribution between two conformations
within the enzyme active site, but the incomplete
stereochemical scrambling does rule out substrate
radical formation. Cyclohexylalanine is a superior
substrate for C. violaceum PAH, which hydroxylates
it at twice the rate supported by rat liver PAH, in a
reaction that is 110 + 10% coupled to DMPH,
oxidation.”®8

Occasionally there can be unexpected effects with
different substrates. The most carefully studied of
these is the discrepancy between p-chlorophenylala-
nine inhibition in vitro, where it is a mild competitive
inhibitor vs L-Phe and an ordinary alternate sub-
strate, and in vivo, where it causes a profound
inhibition and leads to temporary PKU.

p-Chlorophenylalanine is also a mild TrpH inhibi-
tor in vitro and a severe one in vivo,3% which probably
accounts for many of the physiological and psycho-
logical effects, including insomnia and increased
aggressiveness (section 11.C.1). The 80—95% inacti-
vation of PAH and TrpH activity is not reversible by
dialysis,?%48% which is evocative of irreversible modi-
fication of the enzymes, possibly by p-chlorophenyl-
alanine incorporation.8°® This possibility was ruled
out by Miller et al. who observed no inactivation of
rat liver extract at O °C nor substrate protection
during inactivation at 37 °C.”° Inhibition was unlike
cycloheximide and seemed to cause an increase in the
amount of inactive enzyme, even in low-density
cultured cells.87

Chang et al. were able to exclude p-chlorophenyl-
alanine-initiated proteolysis as the cause of inhibition
in rats, and reported that no p-chloro[*H]phen-
ylalanine was incorporated into PAH. A similar
conclusion was reached by Gal and Whitacre using
p-[4-%6Cl]chloro[2-**C]phenylalanine, the label from
which was found incorporated as L-[2-*C]Tyr into
PAH, which contained no labeled chlorine.%® This
would seem to suggest that the uncoupled component
of p-chlorophenylalanine turnover would be deleteri-
ous to PAH in vivo for reasons not expressed in vitro.
If that is the case, it is curious that p-fluoropheny-
lalanine, which is a similarly uncoupled substrate,
does not inactivate PAH in vivo.”® (However, m-
fluorophenylalanine is an in vivo inhibitor.2%) It
remains possible that some aspect of coupled p-
chlorophenylalanine turnover is inhibitory.

3. NIH Shifts and Substituent Migration

PAH exhibits no isotope effect during hydroxylation
of [4-2H]- or [2,3,4,5,6-?H]Phe,'° a remarkable result
for an enzyme that inserts an oxygen atom into a
C—H bond. However, it is a familiar-enough obser-
vation from the work with cytochrome P450 and
model compounds discussed in the first part of this
section. The lack of an isotope effect is highly
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evocative of oxygen atom transfer, as is the observa-
tion of an NIH shift.

Hydroxylation of [4-*H]Phe by PAH results in
>90% retention of label in the amino acid, which was
a pivotal discovery regarding the mechanism of
aromatic hydroxylation, as discussed in section 1V.A.4.
While this is consistent with oxygen atom transfer,
choosing among the several alternatives (arene oxide,
radical or cation adducts, metallaoxetane) for the
course of the NIH shift is significantly more difficult
because of the limited substrate tolerance of PAH.
While it is formally true to say that for enzymes there
are no alternate substrates, only alternate mecha-
nisms, in the case of PAH this is a tangible, practical
guideline. Coupled turnover with an alternate sub-
strate is the best evidence of an interaction with PAH
akin to its interaction with L-Phe.

One of the most efficiently oxidized alternate
substrates is L-[2,5-H]Phe, which is also a moderate
activator. Miller and Benkovic determined that PAH
epoxides this substrate, with the same K, and Vpmax
(6MPH, oxidation) as its natural substrate. No allyl
oxidation or rearomatization is detected, which would
lend support to adduct formation of the type depicted
in Figure 38. Adding glutathione/glutathione S-
transferase to the PAH reaction mixtures did not lead
to epoxide opening, which was effected by heating the
product to 50 °C with DTT. The same relatively
stable 3,4-epoxide is formed by mCPBA. This con-
stitutes the first direct evidence that PAH can form
an epoxide, but because the cyclohexenyl 3,4-epoxide
is so resistant to ring opening, it is not possible to
conclude whether a facile opening of the correspond-
ing arene oxide might be enzyme catalyzed. The lack
of PAH inactivation by the dihydrophenylalanine
argues against the presence of strong nucleophiles
in the PAH active site.”” A hypothesis of direct
oxygen addition to the isolated z-bond seems most
likely to account for this result, but it would be
desirable to have direct isotope evidence (for instance,
a small ku/kp for the [?H;]-ring analogue) to that
effect. The most significant result of this work is that
there is no allylic rearrangement detected, which
rules out formation of an allylic radical and thereby
one electron transfer. It follows that, at least for this
substrate, a two-electron process occurs.

Recently, Carr et al. have examined the “metal
free” C. violaceum PAH in parallel with rat liver
PAH.”™ No kinetic isotope effects (on V or V/K)
significantly different from 1.0 were detected using
L-[4-?°H]Phe or L-[2,3,4,5,6-?H]Phe. Hydroxylation of
either L-[4-?H]Phe or L-[2,3,5,6-?H]Phe by PAH from
either source leads to indistinguishable levels of
deuterium retention (84 + 2%) in the product. This
indicates a common cyclohexadienone intermediate
is formed by both enzymes, with an isotope effect on
enolization of 5.5 + 0.8. By analogy to other systems,
in which Hammett analysis indicates that cyclohexa-
dienone is formed by 1,2-hydride transfer within a
meta carbonium intermediate, the sequence of inter-
mediates in L-Phe hydroxylation probably includes
a meta carbonium ion, which is likely to be formed
during ring opening of an arene oxide intermediate.

Stronger evidence for a meta carbonium is found

in hydroxylations of p-methylphenylalanine, which
is converted by PAH into p-(hydroxymethyl)phen-

Kappock and Caradonna
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Figure 42. p-Methylphenylalanine transformations by
PAH.

ylalanine and m-methyltyrosine, but not p-methyl-
m-tyrosine. Siegmund and Kaufman reported that
the distribution between aromatic and aliphatic
hydroxylation products is significantly affected by
deuteration of the methyl group but not of the ring
protons (Figure 42).8%° [ess than 2.5% 80 incorpora-
tion was observed in either product when the hy-
droxylations were run in H,'80; under 20,, 89—108%
180 incorporation was observed. The isotope effect
on aliphatic hydroxylation is 8.0,8% a value in good
agreement with that determined for the benzylic
hydroxylation of toluene, 7.4 + 0.7.748 As expected,
the appreciable isotope effect on methyl hydroxyla-
tion combined with a small ring hydroxylation isotope
effect favors the latter. However, a larger amount
of m-methyltyrosine is produced from deuterated
methyl substrates, indicating an inverse isotope effect
of 0.5 for [?Hs]methylphenylalanine. [[?Hs]Phenyl-
alanine is 1-(4-[1,1,1-?H]methylphenyl)-[3,3-?H]ala-
nine; [°Hg]phenylalanine is 1-(4-[1,1,1-°H]methyl-
[2,3,5,6-?H]phenyl)-[3,3-°H]alanine.] A comparable
result is obtained for [2Hg]Jmethylphenylalanine. Ac-
celeration of ring hydroxylation/methyl migration as
aliphatic hydroxylation is slowed indicates that in-
version of the product distribution results from an
isotope-sensitive branching step, such as was ob-
served with all-exo-[2,3,5,6-°H]norbornane hydroxy-
lation by cytochrome P450 (section IV.A.5). For both
[Hs] and [?Hg] substrates, the P(V) for total product
formation is small (0.96 and 1.17, respectively),
indicating that the rate-determining step is not
isotope sensitive.8° A similar, non-rate-limiting,
isotope-sensitive alteration in p-methylphenylalanine
product ratios is observed with C. violaceum PAH.7®
High commitment to catalysis is also observed for
cytochrome P450, where it has been associated with
irreversible generation of a hydroxylating species.
Formation of m-methyltyrosine requires a 1,2-
methyl migration that is almost certainly dependent
upon carbonium ion formation. Because there is a
rearrangement of the carbon skeleton, the methyl
shift is formally a Wagner—Meerwein rearrange-
ment, despite the obvious mechanistic resemblance
to a 1,2-hydride migration in the NIH shift. A large
and coherent chemical literature is available on
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carbonium-dependent rearrangements, and an abun-
dance of relevant transformations are known, among
them the trifluoroperacetic acid-induced methyl mi-
gration observed with prehnitene (section IV.A.6). A
scale of “relative migratory aptitude” developed using
a variety of compounds indicates that methyl groups
are among the slowest migrators (Ph > tBu > Et >
Me), because the carbonium gains the least stabiliza-
tion from primary alkyls. (An interesting prediction
following from this is that more substituted para
substituents, for instance p-ethyl- or p-isopropylphe-
nylalanine, should undergo increasingly facile 1,2-
migration in the coupled component of the hydroxy-
lation reaction.) The lack of crossover during re-
arrangements of mixed, differently substituted pi-
nacol analogues indicates that the migrating group
does not dissociate from the reacting ensemble,? in
much the same way that heavy hydrogen isotopes are
not dissociated from opened arene oxides during their
1,2-shift.712

One underexplored area of carbonium chemistry
is the stereochemical configuration of the migrating
group following migration. An excellent test of this
would be p-methylphenylalanine, because the PAH
hydroxylation reaction is highly specific, is favored
by isotopic substitution of the methyl group, and
occurs in a controlled environment on the enzyme.
In one instance where the stereochemical integrity
of an enzyme-mediated alkyl group migration has
been examined, Leinberger et al. investigated the
retention of stereochemistry during the 4-hydrox-
yphenylpyruvate dioxygenase (EC 1.13.11.27) cata-
lyzed 1,2-migration. Using deuterium-substituted
substrates chiral at the migrating methylene, a
mixture of retention, inversion, and label loss was
observed, some of which occurred during derivatiza-
tion. A minimum 3-fold (R) or 4-fold (S) excess of
products having the substrate’s methylene configu-
ration was observed, indicating that the 1,2-migra-
tion generally goes with retention of stereochemis-
tl’y.811

Halogen migration during the coupled component
of p-chloro- or p-bromophenylalanine hydroxylation
falls somewhere between the migration of hydride
and methyl groups. Chloride is transferred to the
meta position of L-Tyr in 85% of the coupled PAH
turnovers.8%2 In contrast, the halogen in p-fluoro-
phenylalanine is unable to undergo migration.6%:812
Hydroxylation of the halophenylalanines is decep-
tively complicated, because it is not as clean a
reaction as with the completely organic substrates:
there is both uncoupling of tetrahydropterin oxida-
tion and partitioning between tyrosine + halide and
halotyrosine formation. (To the best of our knowl-
edge, p-iodophenylalanine has not been examined in
this regard with PAH; m-iodotyrosine is a strong
TyrH inhibitor, section IV.C.1.) This was recognized
in Storm and Kaufman's early work with this sub-
strate, in which the authors note that an extra
reducing equivalent is required in the production of
F~ and L-Tyr from p-fluorophenylalanine, compared
to the normal two-electron process.®®® The source of
that reducing equivalent is completely obscure, but
it is worth recalling that p-chlorophenylalanine causes
depletion of PAH in vivo in a manner not sufficiently
consistent with it being merely a poor substrate or
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reversible inhibitor (section IV.A.2). Ferrous PAH
is oxidized in vitro during halophenylalanine hy-
droxylation, and part of the “uncoupled turnover”
with p-chlorophenylalanine is due to rereduction of
the active site by excess tetrahydropterin.t6157 In
any case, the metabolism of p-chlorophenylalanine
is not a closed issue.

C. violaceum PAH is unable to support even
uncoupled turnover with p-chlorophenylalanine, de-
spite its ability to hydroxylate the nearly isosteric
p-methylphenylalanine.”®

4. Tetrahydropterin Oxidation, with and without
Hydroxylation

The metabolism of oxygen by mammalian PAH is
linked to the chemistry of both iron and pterin, and
its incorrect disposition during uncoupled turnover
is a rich source of information about the normal,
productive interaction.

Occasional hints arise elsewhere about the inter-
relationship of the pterin—PAH interaction and the
efficiency of O, fixation; for instance, the exchange
of a pterin cofactor for the pyrimidodiazepine ana-
logue (section 111.D.2) increases the Ky, for O, by a
factor of 10.5%5 However, this kind of information is
difficult to understand without more information on
the rate-limiting step, the formation of the hydroxy-
lating intermediate. In turn, this intermediate is
more comprehensible when one understands how it
is formed, and what causes it to misfire once consti-
tuted on PAH.

Two methods of causing rapid tetrahydropterin
oxidation without hydroxylation by PAH have been
discovered. The first is uncoupled turnover, best
exemplified by PAH’s failure to modify L-Tyr while
oxidizing appreciable amounts of tetrahydropterin.
The second is the “tetrahydropterin oxidase” activity
of PAH, which is supported by oxidants other than
molecular oxygen.

As is mentioned in sections 11.B.2.6, 11.B.4, IV.A.8,
and elsewhere, PAH will reduce O, and oxidize the
tetrahydropterin cofactor unproductively if the ar-
rangement of the quaternary reaction complex is not
optimal. There is some disagreement over whether
the presence of an amino acid, generally meaning
L-Tyr, the only known inhibitor that is not even a
marginal substrate, is required to initiate uncoupled
turnover. There is also controversy over the oxida-
tion products, in particular, whether H,O; is released
in appreciable amounts from PAH undergoing un-
coupled turnover.

These related issues are both critical, as they
determine the requirements for, and timing of, the
generation of an oxidizing species on PAH. While it
has been generally assumed that this would be the
same intermediate as the hydroxylating species, the
fact that uncoupled turnover does not cause the
hydroxylation of substrate makes this a natural but
potentially misleading assumption. Furthermore, it
is important to recall that in oxygenated solutions,
tetrahydropterins spontaneously produce H,O; (sec-
tion 111.B.2). PAH'’s inability to oxidize L-Tyr was
first reported by Fisher and Kaufman, using a
lysolecithin-activated rat liver preparation.8

Evidence for a C* hydroxyl adduct as the first
pterin product of the PAH reaction, initially based
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Table 9. Products of Coupled and Uncoupled PAH Turnover?

substrate cofactor hydroxylation 4a-carbinolamine O, consumed maximum [H20,]
(1 mM init) (20 uM init) (M) (uM) (M) M)

1 L-Phe 6MPH, 18.0 18.2 18.5 0.7

2 p-Cl-pL-Phe 6MPH, 6.4 6.7 12.6 1.5

3 L-Phe PH. 10.5 10.5 14.3 1.0

a Coupled and uncoupled turnover under pterin-limiting conditions at pH 8.2, 25 °C. Data taken from and other conditions

given in ref 168.

on the resemblance of transient enzyme intermediate
spectra to that of the stable 4a-hydroxy-5-deazadi-
hydropterin,'®® immediately suggested that the ter-
minal oxygen of a pterin hydroperoxide is incorpo-
rated into the amino acid substrate with the
participation of the active site Fe?*.54 (Again, the
pterin hydroperoxide intermediate remains entirely
hypothetical.)

The distinctive 244 nm intermediate corresponding
to the 4a-carbinolamine was not detected during the
mostly uncoupled turnover of p-fluorophenylala-
nine.’®® In order to investigate the participation of
the 4a-carbinolamine in uncoupled turnover, Dix and
Benkovic developed conditions in which uncoupled
turnover is particularly favorable and the 4a-carbi-
nolamine is relatively stable, pH 8.4 in dilute borate
buffer, with 1.0 mM p-chlorophenylalanine as sub-
strate or PH, as cofactor. It can be seen in Table 9
that in all three cases, equal amounts of hydroxylated
product and 4a-carbinolamine are formed from 3 uM
of {Fe3"}PAHR and limiting tetrahydropterin (some
of which is consumed by enzyme reduction). In
addition, the identical rates of hydroxylated product
and 4a-carbinolamine formation indicate they are
formed concurrently in the 35% coupled p-chloro-pL-
Phe/6MPH, reaction (entry 2 in Table 9). The extent
of coupling did not depend on [6MPH,] during p-
chloro-oL-Phe hydroxylation. Little H,O, was de-
tected by two different assays under conditions that
allowed quantitative detection of added H,O,. When
the contributions due to reduction, H,O, formation,
and coupled turnover are subtracted, the uncoupled
component of entries 2 and 3 consumed 2.1 and 2.0
XPH, per Oy, respectively. This implies a “complete”
reduction of O, to H,O during uncoupled turnover
and is consistent with the small amount of H,0,
found.

As the p-chloro-pL-Phe is not modified during
uncoupled turnover, the authors examined what
happens when it is omitted. Incubation of 6MPH,
with PAH results in a slow autooxidation of the
pterin without 4a-carbinolamine formation. Addition
of H,O, accelerates this conversion to within a factor
of ~20 of the coupled reaction rate, again without
formation of 4a-hydroxy-q-6MPH,. Peroxide irre-
versibly inactivates PAH at high levels. Even under
“optimal conditions” for this amino acid-free reaction,
1:1 H,02:6MPHy4, one in every 50 oxidations results
in PAH inactivation. (The issue of peroxides, PAH,
and 6MPH, will be discussed later in this section.)

Uncoupled turnover also causes { Fe*"} PAH forma-
tion, detectable with catechol trapping. Dix and
Benkovic propose formation of a common [{Fe?"}-
PAHR-0O,-XPH,] intermediate in both coupled and
uncoupled turnover, that is discharged by productive
amino acid hydroxylation, liberating g-XPH, and
leaving a [{ Fe*"-OOH}PAHR] species. This Fe?™-0,

species (with the oxygen at the peroxide oxidation
level) would decompose with O—O bond homolysis to
yield HO*, which either inactivates PAH or oxidizes
0.5 mol of XPH,, and {Fe3*} PAHR, which consumes
another 0.5 equiv of XPH, in rereduction to yield the
observed 2:1 XPH4:O, stoichiometry. The other
oxygen is presumably released as HO~. (Some su-
peroxide was also reported to be released during
catalysis, but it is possible that this arises from pterin
autooxidation.) The proposal of hydroxy radical for-
mation during uncoupled turnover is based on the
observation that no additional H,0, is formed during
uncoupled turnover compared to coupled turnover,
and therefore the damaging oxygen species destroyed
by catalase during uncoupled turnover must have a
different origin.16®

Fisher and Kaufman’s 1973 report of L-Tyr stimu-
lated uncoupled turnover with H,O, formation fol-
lowed a determination that the hydroxylation of
p-chloro- and p-fluorophenylalanine was partially
uncoupled with respect to NADH oxidation. Addition
of HRP, which catalyzes the H,0,-dependent oxida-
tion of 6MPHy,, increased the fraction of uncoupling,
which provided indirect evidence supporting H,O,
formation during this reaction.6%

When Dix and Benkovic reexamined this, they
found HRP increased the rate of NADH-coupled
6MPH, oxidation, but the reaction was not dependent
on the presence of PAH and could be inhibited 90%
by the addition of catalase or BHT.*%8 Citing evi-
dence®3® that only a trace of H,O, can support HRP-
catalyzed XPH, oxidation (section 111.B.3), the au-
thors conclude that formation of appreciable H,0O,
during uncoupled turnover does not occur.68

Since there is some productive turnover, the par-
tially uncoupled turnover reaction is potentially
different from the fully uncoupled reaction observed
with L-Tyr. Davis and Kaufman found that at >0.1
mM lysolecithin, the addition of 0.81 mM L-Tyr to a
mixture of PAH, BHy,, lysolecithin, catalase, NADH,
and DHPR in phosphate buffer causes a notable
acceleration in the oxidation of BH4.54 At this
concentration of L-Tyr and pH 8.2, variation of [BH,]
resulted in a normal hyperbolic response of oxidation
velocity, but at pH 6.8 the pattern was nonsaturating.

Addition of superoxide dismutase (SOD) limited the
pH 6.8 oxidation to a saturating velocity half that
obtained in its absence at 0.4 mM BH,. [The authors
cite this as evidence that superoxide is produced
during uncoupled turnover and in the absence of SOD
will oxidize additional BH,4, which may be enzyme
catalyzed or not. It seems highly unlikely that any
additional BH, oxidation by superoxide is PAH
catalyzed. Perhaps SOD inhibits initiation of a
radical BH, autooxidation process that has a pterin
radical carrier (section 111.B.3).] Under these condi-
tions, the NADH-coupled assay gave Vimax = 2.2 umol
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Figure 43. Transformations of the pterin cofactor during coupled and uncoupled PAH turnover. This figure is reproduced
from ref 813. Copyright 1993 Academic Press. Results of the simulations performed on these data are given in Table 10.

Table 10. Parameters of Coupled/Uncoupled PAH Turnover?

k, (x 102 s7%)

species formation decay conc (uM) rel

coupled (L-Phe) BH. 58 14.4 1.00
L-tyrosine 63 134 0.93

4a-OH-g-BH; 80 8 14.8 1.03

g-BH; 14 5 145 1.01

7,8-BH; and 7,8-PH, 5 12.3 0.85

uncoupled (L-Tyr) BH, 46 13.7 1.00
4a-OH-g-BH; 69 10 4.4 0.32

q-BH; 36 5 14.1 1.03

7,8-BH; and 7,8-PH; 7 12.2 0.89

a Lysolecithin-activated PAH preincubated 10 min at 25 °C with 20 mM phosphate, L-phe or L-tyr, and catalase. Initial
concentrations: 0.3 mM L-phe or 0.74 mM L-tyr, 14 uM (6R)-BH4, 50 uM lysolecithin, 50 ug mL™* catalase, and 0.12 M (coupled)
or 2.9 uM (uncoupled) PAH at specific activity 7 U mg™t. Data adapted from ref 641.

min~—! mg~! of the active PAH component (prepara-
tions are stated to range from 30—50% active, which
means the velocity is 2.2/14 = 16% that of the L-Phe-
dependent specific activity), with Ky, g, = 24 uM and
Km1yr = 0.32 mM. At pH 8.2 all three values are
slightly lower. Using 6MPH,, saturation Kkinetics
were obtained with SOD at both pH values, and both
Vmax and Kmnempn, Were about 3-fold higher, while
Km1yr was 9-fold higher (3.2 mM at pH 6.8). The
L-Tyr-dependent increase in the background 6MPH,
oxidation rate (at 1.0 mM lysolecithin) was 6.7-fold,
smaller than the 14-fold observed with BH,, a dif-
ference that may be due to the different [L-Tyr]/Km tyr
ratios used (0.4 for 6MPH,, 2.4 for BH,). Supporting
a role for amino acid binding during uncoupled
turnover, the rate of uncoupled XPH, oxidation
depends directly on [L-Tyr].640

A distinction between uncoupling due to abortive
hydroxylation or due to inappropriate electron trans-
fer can be made by examining the pterin product
distribution of uncoupled turnover. Dix and Benk-
ovic showed that hydroxylated product and 4a-
carbinolamine were formed simultaneously and to
the same extent in a partially coupled reaction,
implying that uncoupled turnover does not generate
4a-carbinolamine.16®

Davis and Kaufman reexamined this question with
completely uncoupled turnover, reaching a different
conclusion.®® Using a rather complicated spectral-
deconvolution procedure to estimate the concentra-

tions of multiple pterin species during turnover, these
authors detected formation of 4a-hydroxy-g-BH, us-
ing repetitive scanning of completely coupled (L-Phe-
dependent) and completely uncoupled (L-Tyr-depen-
dent) reactions. As expected, the addition of PCD
obliterated the 4a-carbinolamine intermediate. No
tetrahydropterin-regenerating system was present
and the reactions were run in 20 mM phosphate, pH
8.2, to stabilize the 4a-carbinolamine. A timecourse
of the conversion BH, — 4a-carbinolamine — g-BH,
— (7,8-BH; and 7,8-PHy) is shown (Figure 43), with
kinetic constants from this model shown in Table 10.
In the absence of a pterin-regenerating system, some
g-BH; loses its 6-substituent upon rearrangement
(section 111.B.5).

The coupled reaction shows simultaneous buildup
of L-Tyr and 4a-carbinolamine as BH, is oxidized.
This is followed by nonenzymatic dehydration of the
4a-carbinolamine, which is somewhat slower than
would be expected from the rate of appearance of
g-BH,. Finally, g-BH; rearranges at the rate of 7,8-
dihydropterin formation. In the uncoupled reaction,
using 24 times more PAH to maintain a similar rate
of BH, oxidation, BH, is again rapidly oxidized, but
it appears that it is converted directly to both g-BH
and the 4a-carbinolamine.

The steady-state amount of 4a-carbinolamine formed
is reported to depend upon the amount of tyrosine
present, in a manner consisted with the previously
determined K, for L-Tyr in uncoupled turnover. This
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is an extremely interesting observation, because it
indicates that there is an amino acid-dependent
partitioning of the uncoupled turnover reaction into
two reaction pathways. Davis and Kaufman propose
that the uncoupled interaction of BH,; and PAH
results in the formation of the 4a-carbinolamine and
a modified enzyme (the putative iron—oxo group) able
to oxidize another equivalent of BH, directly to
g-BH,.813 This would result in the eventual reduction
of O, to H,0, in agreement with the Benkovic group’s
observations.'®® To account for the production of
H,0,, which Kaufman’s group claims accounts for
30—40% of O, consumption, Davis and Kaufman
propose that the enzyme-bound intermediate (they
suggest a pterin hydroperoxide) decomposes into
H,0, and g-BH,.54* It would also be consistent with
Davis and Kaufman'’s partitioning model to invoke
participation of a (Fe3*—0,")/(Fe* —0,) complex on
PAH. This is supported by the observation of super-
oxide release and { Fe*"}PAH formation during par-
tially uncoupled turnover.168

Davis and Kaufman directly observe (electrochemi-
cal detection) significant H,O, formation by PAH
undergoing partially or fully uncoupled turnover:
with 6MPH, and p-chloro-bL-Phe, p-fluoro-pL-Phe, or
L-Tyr/lysolecithin, and with PH,; and L-Phe. In the
last pairing, the 4a-carbinolamine was detected by
HPLC. The most H,0O, was produced during p-fluoro-
pL-Phe hydroxylation, which is probably a reflection
of the higher Vnax (vs XPH,4 oxidation) for partially
uncoupled turnover compared to fully uncoupled
turnover.%*? The reason for the quantitative discrep-
ancy between the amount of H,O, formation observed
in the two different groups remains unknown.

There are definitely common themes among par-
tially uncoupled turnover, fully uncoupled turnover,
and substrate-free uncoupled turnover. The un-
coupled component of turnover with a very poor
substrate can generate the 4a-carbinolamine. Ap-
parently this does not depend on the full pterin ring,
as the analogous transformation occurs during the
mostly uncoupled oxidation of o-methylphenylalanine
by pyrimidines, which are oxidatively deaminated.5%
However, the primary oxidation product is g-XPH;
in both fully and partially uncoupled turnover, which
may mean that formation of the 4a-carbinolamine is
substrate dependent. Certainly 4a-carbinolamine
formation occurs exclusively in an enzyme-catalyzed
manner, which is not the case for g-XPH, formation.
In the limiting case, where substrate is absent,
exclusive g-XPH; formation results.

Without the (intentional) addition of peroxide, this
slow oxidation appears to be most closely associated
with the radical tetrahydropterin autooxidation pro-
cesses discussed in section 111.B.3. When peroxide
or peroxyacetic acids are added (“tetrahydropterin
oxidase” activity of PAH), the possibility for hetero-
lytic or homolytic processes is reintroduced.

A direct test of this was made by Benkovic et al.,
who used phenylperacetic acid as the oxygen donor
in a substrate-free reaction (section 1V.A.6).8* When
phenylperacetic acid is reacted with {Fe?"}PAH,
toluene is formed, indicating exclusive homolytic
fragmentation of the peracid. Inclusion of N,N-
dimethyl-p-nitrosoaniline causes its bleaching, indi-
cating trapping of HO®, under similar conditions
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(H.0, + {Fe?'}PAH). The situation is reversed when
6MPH,, phenylperacetic acid, and {Fe*"}PAH are
reacted, which produces phenylacetate, indicating
exclusive heterolytic peracid decomposition. No
bleaching of N,N-dimethyl-p-nitrosoaniline occurs
when 6MPH,, H,0,, and {Fe?"}PAH are mixed.8*

This suggests that the tetrahydropterin oxidase
activity is not a radical process and therefore differs
substantively from the slow autooxidation process.
However, Benkovic et al. also show a good inverse
linear correlation between the In(Kox), where K is the
rate of the tetrahydropterin oxidase reaction, and AH
for the peroxide/peroxyacetic acid RO—OH bond
strength, which they regard as evidence for homolytic
peracid decomposition during this reaction.®'4

This interpretation is not more persuasive than
direct evidence for heterolytic phenylperacetic acid
decomposition in the presence of 6MPH,. The cor-
relation of reactivity (InNCPBA > phenylperacetic acid
> tBu hydroperoxide > H,0,) is in fact consistent
with other mechanisms, including one where forma-
tion of the tetrahydropterin-oxidizing species is rate
limiting or otherwise affected by the stability of the
leaving group. An analogy from the cytochrome P450
modeling field is the more-rapid utilization of OICgFs
as an oxygen atom donor, compared to OIPh.”"?
Nonetheless, there is good evidence for heterolytic O,
fissioning in uncoupled turnover, as evidenced by the
formation of 4a-carbinolamine and g-XPH; during
completely uncoupled L-Tyr turnover, and heterolytic
peroxide fissioning during tetrahydropterin oxidase
activity (discussed below). The possibility for a
substituted-enzyme species, possibly an oxyferryl,
exists in both: in the first case it would follow 4a-
carbinolamine formation, in the second, it might be
formed by oxygen atom transfer from the peroxide.

The tetrahydropterin oxidase activity has been
examined in both single- and multiple-turnover
regimes, as an extension of the initial characteriza-
tion of PAH's redox behavior. {Fe3*}PAH is reduced
by 6MPH, to {Fe?"}PAH, which in turn can be
reoxidized by H,O, or another peroxide (section
11.A.4).138

Hill et al. examined this oxidative interaction using
13-hydroperoxylinoleic acid (LOOH, 13-S-hydroper-
oxy-9(cis),11(trans)-octadecadienoic acid), and found
that the stoichiometry was 0.52 + 0.04 LOOH per
PAH subunit oxidized.*® If the iron content is near-
stoichiometric, this immediately suggests that two
electrons from two {Fe?*} PAH subunits are used to
reduce LOOH. Since under the experimental condi-
tions, 1.02 + 0.02 6MPHy, is oxidized to reduce each
subunit, the “extra” electron is not recovered from
the redox cycle. When the amounts of LOOH and
6MPH, are increased relative to the level of PAH,
multiple cycles of enzyme reduction/oxidation occur,
with comparatively little inactivation. This PAH-
catalyzed, LOOH-supported 6MPH, oxidation to
g-6MPH; is the tetrahydropterin oxidase activity
referred to earlier. The overall stoichiometry for this
reaction is

1.0 6MPH, + 1.0 0, + 0.61 LOOH —
1.0 g-6MPH, + 0.35 H,0, + L' (10)

where L' indicates a mixture of fatty acid products,
most prominently 13-hydroxy-9,11-octadecadienoic
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acid and 9-hydroxy-10,12-octadecadienoic acid. The
13-keto analogue of the first product is also observed,
as are 11-hydroxy-12,13-epoxy-9-octadecadecenoate
and the related 11,12,13-trihydroxy-10-octadecenoate.
(These are the same products observed for the one-
electron oxidation of LOOH by hematin.t?%) This
conversion can be completely stopped by preincuba-
tion of PAH with DHN prior to the addition of LOOH
and XPH,; (BH, is less effective than 6MPH, in
supporting turnover), which indicates that the iron
site is essential.

Neither L-Phe nor 5-deaza-6MPH, interferes with
the binding of LOOH, which is consistent with the
site of interaction being the iron center. Overall, the
oxidation of LOOH occurs with a Vimax of 30 s72, which
is faster than L-Phe hydroxylation (22 s™1). If the
order of addition is changed so that PAH is added
after LOOH and XPH,4, BH, is completely ineffective
while 6MPH, is oxidized at 87% of the normal rate.
This is probably not due to BH4-dependent inhibition
of the allosteric transformation, which is not required
for the tetrahydropterin oxidase activity.”®

Whether PAH is present in either stoichiometric
or catalytic amounts, the reaction stoichiometry is
the same, which indicates that the reaction mecha-
nism is pingpong: LOOH oxidizes two subunits to
{Fe®**}PAH, which are then reduced by two 6MPH,
equivalents in a separate step to {Fe?*}PAH with
formation of g-6MPH,. This would leave two “extra”
electrons, which may be consumed in the formation
of H,O, from O,. (O, consumption has only been
directly demonstrated in the catalytic reaction.) The
stoichiometry indicates that LOOH oxidizes two
{Fe?"}PAH subunits but is itself decomposed into
products derived from an alkoxy radical; presumably
two distinct active sites are oxidized, followed by
disproportionation of, or hydrogen abstraction by, the
organic radicals. However, it appears from the
nonintegral stoichiometry of reactants and products
that several integral stoichiometry processes are
occurring, which Hill et al. suggest are'™®

0.35 6MPH, + 0.35 0, —
0.35 H,0, + 0.35 g-6MPH, (11)

0.65 6MPH, + 0.65 O, + 0.61 LOOH —
0.65 q-6MPH, + L' (12)

These reactions are envisioned to occur upon forma-
tion of a ferrous-reduced O, species from an interac-
tion of 6MPH, and O, with presumably ferrous PAH.
The first reaction would be the result of LOOH
inducing, without its own consumption, aberrant
formation of H,O,. In the second reaction, LOOH
would react with this enzyme-bound species to give
the observed fatty acid products L’ with concomitant
oxidation of 6MPH,.17% It is unclear where the
consumed O; is disposed in the second of these
reactions. If LOOH removes an electron from the
[{Fe?*}PAH-0,6MPH,] complex, the observed L'
products will be formed and perhaps g-6MPH; is
released, leaving a {Fe?t-O,"}PAH species. The
total H,O, formation in the overall reaction is insuf-
ficient to account for discharge of this ferrous super-
oxide by H,O; release, and it is unclear how this
undoubtedly reactive species is eliminated. If it
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dissociates into water and {Fe**=0}PAH, further
oxidation of some component in solution (including
oxidative inactivation) would be expected but is not
observed.

Perhaps this intriguing reactivity should be rein-
vestigated under anaerobic conditions. If LOOH (or
a different compound) can serve as an oxygen atom
donor to {Fe?*"}PAH, rather than as a single-electron
oxidant, an oxyferryl might be formed, and perhaps
the 13-keto L' product. If a burst of tetrahydropterin
oxidation (or a different substrate) can be observed,
it would constitute the strongest direct evidence yet
for participation of an iron-bound species in PAH-
catalyzed oxidations. In a mechanistic vein, these
results do not allow more than confirmation that
PAH can catalyze a two-electron oxidation of its
cofactor by peroxides.

Different uncoupling phenomena are observed with
PAH isolated from sources other than liver. The
kidney form of rat PAH, a form that is apparently a
constitutively active enzyme (section 11.A.1), does not
oxidize BH, in the presence of either L-norleucine or
L-methionine, both of which are substrates for liver
PAH, while bL-m-tyrosine induces BH, oxidation (and
perhaps hydroxylation) to the same extent as native
(T state) rat liver PAH.*> The “metal-free” C. viola-
ceum PAH yields no uncoupled DMPH, oxidation (or
H,O, formation) with either p-chloro-L-Phe or L-Tyr,
while L-norleucine gives completely uncoupled turn-
over. p-Chloro-L-Phe is a reasonable competitive
inhibitor vs L-Phe, with I1Csp = 0.2 mM. In the case
of L-Tyr, which is not an inhibitor vs L-Phe hydroxy-
lation at < 1.5 mM, the lack of DMPH, oxidation is
simply due to its failure to associate with the enzyme.
Uncoupled DMPH, oxidation indicates that L-nor-
leucine is activating the “trigger” for catalysis, pre-
sumably within the standard quaternary complex.

The inability of C. violaceum PAH to hydroxylate
L-norleucine is very interesting, because one would
not expect a mononuclear copper-dependent or metal-
free enzyme to perform primary C—H activation.
(Recall, however, that C. violaceum PAH is able to
hydroxylate the secondary carbon in L-cyclohexyl-
alanine and the primary carbon in p-methylphenyl-
alanine.) PH4, which is poorly coupled to hydroxy-
lations in the other forms of PAH, is a tightly coupled
cofactor for the C. violaceum PAH reaction, with 1.0
+ 0.1 PH, oxidized per L-Tyr formed. As would be
expected if the enzyme lacked an iron active site,
alternative oxygen atom donors are unable to support
tetrahydropterin oxidase activity with C. violaceum
PAH.78 It is perplexing to envision a mechanism by
which C. violaceum PAH can manage its relatively
wide spectrum of reactivity, an efficient NIH shift,
and tightly coupled turnover (which is in some ways
more discriminating than rat liver PAH itself) in the
absence of a metal cofactor. The number of small
differences in the uncoupled turnover mentioned here
are indicative that different mechanisms function in
the atypical prokaryotic and mammalian PAH's, but
it cannot yet be determined whether the differences
are a consequence of subtle alterations of a delicate
balance among the components of the PAH reaction,
or whether they are of more fundamental import.
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C. TyrH
1. Kinetic Mechanism

Mechanistic studies require pure enzymes. Since
effective procedures for TyrH purification (specific
activity around 0.4 U mg1) were developed within a
few years of the first overexpression systems (section
11.B.2) , the majority of mechanistic work with pure
TyrH has been done with recombinant sources of the
enzyme. Specific activities have continued to im-
prove throughout the 1990s, in recent work to 2—3
U mg~ or better.3¥ In terms of mechanism, the focus
on activity is particularly important because the
other pterin-dependent hydroxylases cannot oxidize
L-Tyr, which means that there may be a unique
mechanism functioning with TyrH’s cognate sub-
strate. In general, TyrH is a less efficient enzyme
than PAH: when forming L-Dopa, it has been re-
ported to be up to 10% uncoupled with 6MPH,4 or 40%
uncoupled with DMPH,4.*° As with PAH, the initial
oxidized pterin product is the 4a-carbinolamine,
formed quantitatively and concurrently with L-
Dopa.>"2816 Both 5-deaza-6MPH, and m-iodotyrosine
are tight competitive inhibitors vs their substrate
analogues.t¥” A large and useful, if dated, list of
TyrH inhibitors is available.?*® Other kinetic con-
stants are given in Table 5.

Recent evidence indicates that pure TyrH inacti-
vates during catalysis,??8572 in contrast with reports,
using partially purified or low activity preparations,
that show linear product accumulation over 20
min.**8% With higher activity enzyme, the velocity
of L-Dopa formation is linear over only a few minutes
at 30—37 °C, in a process that may involve tetra-
hydropterin inhibition.325328788 Preincubation with
other reductants, included in assays to recycle the
oxidized pterin cofactor,”-375820 has been observed to
inhibit PAH or TyrH activity, including ascorbate and
DTT.81981 |n the case of TyrH and ascorbate, inhibi-
tion occurs under phosphorylating conditions, but not
under turnover conditions (£phosphorylation).8® The
mechanism of this phenomenon is unclear but it
seems reasonable to expect that metal chelation or
aberrant O, reduction is responsible.

Inhibition of TyrH by pterins has been reported,;
contrary to what might be expected, it does not
appear to be limited to reduced or redox-active
pterins or to those with the 6-dihydroxypropyl side
chain. This tends to rule out several routine mech-
anisms for this observation, which remains unex-
plained.3?®

Another complicating factor in studying TyrH is
substrate inhibition by L-Tyr, which is observed when
BH,, but not 6MPH, or DMPH,, is used as the
cofactor.*® This characteristic is shared by recombi-
nant sources of TyrH, including phosphorylated,
unphosphorylated, and mutant enzymes that lack
Ser40.243-24%5 |If the inhibitory amino acid/TyrH in-
teraction resembles that with catecholamines, one
might have expected phosphorylation or removal of
Ser40 to alleviate substrate inhibition (sections 11.B.3.2
and 11.B.3.5), because of the resemblance between
catecholamines and L-Tyr, and the relatively lower
affinity of the catechol moiety for iron at the lower
pH values (vide infra) used to assay TyrH. Since a
Ser40-based effect is not observed, one might expect
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inhibition to be due to amino acid binding out of
sequence in an ordered mechanism. However, L-Phe
is as efficiently hydroxylated by TyrH as L-Tyr with
BH, as cofactor, and shows no substrate inhibition
below ~0.3 mM.*9:243822 (One report indicates that
L-Phe inhibition is detectable at “high levels”, appar-
ently >2 mM, with baculovirus-expressed rat TyrH.?4")

In a chemical sense this is easily rationalized as
resulting from the presence of a phenolic group in
L-Tyr, which might interact directly with the iron
site; in a mechanistic sense the inference is that TyrH
can bind L-Tyr differently than L-Phe, which is a
potentially important observation.

Lineweaver—Burk plots vs the reciprocal of L-Tyr,
O, or 6MPH, concentration show intersecting lines
with pure recombinant TyrH, indicating a sequential
terbi mechanism.*®* Previously, both intersecting
and parallel lines were observed, using impure bovine
adrenal medulla TyrH and the 6-isomers of BH,.
Using the natural (6R)-BH, cofactor, Oka et al.
observed two different K, values for each of the three
substrates, and both L-Tyr and O; inhibition. A
simple intersecting pattern was observed with (6S)-
BH,, corresponding to the higher K, values deter-
mined with the natural cofactor. With this unnatural
isomer, no substrate inhibition was observed with O,
or < 0.1 mM L-Tyr.8%

A single Ky, corresponding to the lower K, value
of adrenal medulla TyrH, was observed by the same
group for bovine brain (caudate nucleus) TyrH with
(6R)-BH, cofactor. Bovine caudate nucleus TyrH did
not show L-Tyr inhibition at < 0.1 mM. This means
that the adrenal medulla enzyme contained at least
two kinetically distinguishable forms,®?* and high-
lights the importance of examining pure TyrH in
kinetic studies. These ambiguities were avoided by
Bullard and Capson in a study of partially purified
bovine brain (striatal) TyrH, in which each of the
three substrates were pairwise varied under condi-
tions that give pure saturation kinetics (linear Line-
weaver—Burk plots).8?> In all cases, intersecting
lines were observed, indicating a sequential mecha-
nism. The two organic substrates have an antago-
nistic relationship, since raising the concentration of
either BH, or L-Tyr raises the K, of the other; in
contrast, BH, and O, favor the other’s binding; and
O, and L-Tyr do not interact.

The deadend inhibitors m-iodotyrosine and 5-dea-
zapterin were competitive against L-Tyr and BHy,
respectively, and noncompetitive against the other
two substrates.8?> If it is assumed that the inhibitors
bind TyrH like the substrates they resemble, this
result indicates that L-Tyr and BH,4 can bind in either
order, followed by O, binding (which may be in rapid
equilibrium). Alternately, there is random addition
of either BH,4 or L-Tyr, but O, binding follows BH,
binding. Dopamine was competitive vs BH,; and
noncompetitive vs L-Tyr; the product L-Dopa was
noncompetitive vs all three substrates, which implies
that it is released from the enzyme complex before
g-BH,. The two catecholamines therefore bind dif-
ferent forms of the enzyme, and dopamine binds the
same form of the enzyme bound by BH,. While
substrate inhibition was not directly addressed, it
was suggested that when L-Tyr inhibits the enzyme
it might bind the (E 4a-OH-BH,) form. Presumably
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it would not bind (E 4a-OH-6MPHy,), or other TyrH
complexes of quinonoid pterins that fail to give
substrate inhibition.8?>

The mechanism of inhibition was examined further
by Fitzpatrick, using purified bovine adrenal medulla
TyrH.32 The catechols norepinephrine, methylcat-
echol, and dopamine were competitive inhibitors vs
tetrahydropterins and noncompetitive vs L-Tyr, con-
firming and extending the original result. Further-
more, inhibition was stronger at high pH (pK, 7.6),
as would be expected if inhibition is due to a direct
catecholate—iron interaction (section 11.B.3.5).323

Comparable results were obtained by Haavik et al.
for [*H]noradrenaline release from ferric bovine
adrenal TyrH, but the pK, was much lower, 5.2.320
In contrast, Ribiero et al. found a sharp maximum
(at 0.08 subunit™) in the amount of [*H]dopamine
bound to apparently ferric, recombinant (E. coli) rat
TyrH at pH ~6.8.305

m-lodotyrosine was competitive with respect to
L-Tyr (K; = 0.11 M with BH,, 0.24 M with 6MPH,)
and uncompetitive vs tetrahydropterin (K, = 0.24 uM
with BHy, 0.34 uM with 6MPH,), which indicates that
it binds to (E BH,); pH studies indicated that
maximal inhibition requires two groups, one of which
is deprotonated (pK, ~ 5.5) and the other protonated
(pKa 7.5).3% This differs from the previously reported
results, where noncompetitive m-iodotyrosine inhibi-
tion of tetrahydropterin indicates random binding of
the two organic substrates.??5> Further evidence that
L-Tyr adds after tetrahydropterin, supporting the
order of addition determined with m-iodotyrosine, lies
in the greater susceptibility of BH4-coupled turnover
to m-iodotyrosine inhibition (lower K, values vs L-Tyr
and tetrahydropterin), relative to 6MPH,- or DMPH;,-
coupled turnover.3%

Because of the counteracting effects of decreasing
amino acid affinity and increasing catechol affinity
at higher pHs, L-Dopa has a relatively pH-insensitive
inhibition profile. However, as the affinity of L-Dopa
for TyrH becomes more dependent upon the catechol
moiety, it undergoes a transition at pH 7.6 from a
noncompetitive pattern vs 6MPH, (like m-iodo-
tyrosine) to a competitive pattern, as is observed with
other catechols.3% The functional difference between
L-Dopa and dopamine inhibition depends on the
protonation of a group with pK, <7.6. It is reason-
able to associate this with the group responsible for
high-affinity m-iodotyrosine binding.

Unlike other investigators who observe competitive
inhibition vs BH,,%?5 Fitzpatrick reports that 5-deaza-
6MPH, is a noncompetitive inhibitor vs both L-Tyr
and tetrahydropterins.®2 Using the expression

| |

v=VS/|K_ |1+ —]|+ S|1+— 13
ol o) @

the 5-deaza-6MPH, interactions with at least two
different enzyme forms that contribute to the net
inhibition can be separately examined. The “com-
petitive” Kis value is independent of L-Tyr and the
particular tetrahydropterin used, when tetrahydrop-
terin is the variable substrate, S. In contrast, K; is
dependent on L-Tyr concentration, and is an apparent
binding constant to the second form of the enzyme.
When L-Tyr is the variable substrate, all of the
inhibition constants are apparent and depend upon
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6MPH, O, L-tyr 4a-OH-6MPH, L-dopa

I L 1

E (E6MPH,) (E6MPH, O, L-tyr) > (E L-dopa) E
(E 4a-OH-6MPH, L-dopa)

Figure 44. Cleland diagram for TyrH.

the tetrahydropterin concentration. Fitzpatrick con-
cludes that the data are most consistent with forma-
tion of a deadend complex of TyrH, L-Dopa, and
6-methyl-5-deazatetrahydropterin, which in turn in-
dicates that the 4a-carbinolamine product is the first
product to dissociate, leaving an enzyme—L-Dopa
complex to which inhibitors can bind.3?3

The conclusion that L-Dopa is the last product to
dissociate is the opposite of that reached by Bullard
and Capson, who based their reasoning on the
noncompetitive inhibition of all three substrates by
L-Dopa (observed by both groups), which remains
noncompetitive under “infinite BH,4” conditions.®? In
a later, full kinetic analysis (vide infra), Fitzpatrick
concludes that noncompetitive inhibition patterns
seen with L-Dopa are more consistent with L-Dopa
being the first product released.'® This seems to
leave the puzzling observation of noncompetitive
5-deaza-6MPH, inhibition vs tetrahydropterin an
open issue; perhaps there is some randomness in the
order of L-Tyr and tetrahydropterin addition to TyrH.

At this stage, the inhibition and available double
reciprocal data were consistent with the Cleland
diagram given in Figure 44, where the order of
addition required for L-Tyr and O, binding (box) is
unknown. Since L-Tyr inhibition occurs, it is reason-
able to expect that it might be the result of deadend
inhibition. Fitzpatrick et al. observed no alleviation
of substrate inhibition as [BH,4] was increased, which
is inconsistent with substrate inhibition being due
to the formation of an (E L-Tyr) complex.?*> However,
at high levels of L-Tyr (0.2—0.6 mM), exclusive
competitive inhibition vs 6MPH, occurs, which is
consistent with deadend inhibition.8?6 Thus it ap-
pears that the greater susceptibility of BH4-coupled
TyrH turnover to L-Tyr inhibition may be mechanis-
tically misleading. In the full-scale kinetic analysis
of recombinant TyrH that is discussed next, 6MPH,
was used to minimize this effect.

When any two of 6MPH,, L-Tyr, and O, are varied
at a nonsaturating constant level of the third, an
intersecting, sequential pattern is observed, except
when L-Tyr and O; are varied at fixed 6MPH,, which
gives an equilibrium ordered pattern. This is again
consistent with a sequential terbi mechanism and
guaternary complex formation. No O, inhibition was
observed, other than what can be inferred indirectly
from the shorter linear period in L-Dopa formation
at 1.2 mM O,.18

The denominator of the general expression for the
forward velocity for a sequential ter mechanism (p
706 in ref 827) contains three cross-terms involving
two substrates (e.g., Ko,[L-Tyr][6MPH.]) and three
single-concentration terms (e.g., Cry[L-Tyr], where
the three C terms are coefficients comprised of
various kinetic constants) in addition to two invariant
terms, the product of the three substrate concentra-
tions and a kinetic constant term Cy. A standard
approach for determining these values involves satu-
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rating the concentration of each of the three sub-
strates in turn while varying the other two. The
standard approach is not feasible in the case of TyrH,
in part because of L-Tyr inhibition, but a modified
procedure in which two substrates are varied at a
fixed ratio vs the third was successfully employed for
TyrH. Replots of the slopes and v! axis intercepts
from the double-reciprocal plots reveal nonzero coef-
ficients as finite intercepts and nonlinear curves,
respectively. This information can be used to deter-
mine the ordered addition steps, and whether there
are rapid equilibrium steps involved (pp 712—713 in
ref 827).

As can be seen in the inset to Figure 45A, the
intercept replot is linear, which implies that Co, =
0. The slope replot in Figure 45A has a zero
intercept, which means that Ko, = 0, and is non-
linear, which means the kinetic constant term Cy, is
nonzero. All of the replots in Figure 45B and C are
nonlinear, and the intercept replots have finite
intercepts. This allows a velocity expression to be
constructed:

%= [Tyr][O,][6MPH,]/([Tyr][O,][6MPH,] +
Kempr, [TYT[O,] + Ky [Oo][6MPH,] +
Cempri,[EMPH,] + Cr [Tyr] + Cy) (14)

The actual values for Vimax (1.5 £ 0.2 s7%), Kryr (22 =
4 uM), and Ksmpn, (30 £ 8 uM) are extracted from
this analysis; no isotope effects different than 1.0
were observed on these parameters. This velocity
equation indicates that O, binds after both organic
substrates, whose order of binding is not specified.
Inhibition analysis from previous work, and using
7,8-6MPH,, suggests that tetrahydropterin binds
first. The rapid equilibrium, ordered pattern from
the subsaturating fixed-6MPH, experiment (which
indicates that O, binds before L-Tyr) and the deter-
mination that Ko, = 0 from the constant-ratio experi-
ment both indicate that O, binding is in rapid
equilibrium. Since this would ordinarily make Cry,
= 0in an ordered addition process (a linear intercept
replot in Figure 45B), Fitzpatrick suggests that
deadend inhibition due to L-Tyr reintroduces the
term.®* The resulting kinetic mechanism for bacu-
lovirus-expressed rat TyrH is presented in Figure 46.

It is worth recalling the failure to observe signifi-
cant substrate inhibition by L-Phe*® in the light of
this mechanism. The ability of L-Tyr to cause inhibi-
tion of 6MPH,- or BH,-dependent TyrH catalysis
below 0.15 mM (=10-fold lower than with L-Phe),
seems to imply a specific inhibitory interaction
between L-Tyr and TyrH.

As is observed with cytochrome P450 and the other
aromatic amino acid hydroxylases, TyrH displays no
V or V/K isotope effects different than unity with [3,5-
2H]tyrosine. A burst of L-Dopa formation was not
detected at 2 °C during the first few turnovers of
TyrH at high L-Tyr concentration, with saturating
6MPH, and O,. (Therefore product release is not
rate-limiting, an important point underlying the
preceding discussion.) These observations are con-
sistent with rate-limiting and irreversible formation
of the hydroxylating intermediate during TyrH
catalysis.184826

Kappock and Caradonna
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Figure 45. Double-reciprocal plots for TyrH. In each of
A—C, two of the substrates are varied in a fixed ratio while
the third is held constant. Insets show replots of slopes and
intercepts from the individual figures. Reproduced from ref
184 with permission. Copyright 1991 American Chemical
Society.
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Figure 46. Revised kinetic mechanism for TyrH.

The presence of a nearby and relatively acidic
proton in the L-Tyr substrate has been recognized to

be a major potential difference between this enzyme
and PAH or TrpH and has been proposed to require
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Table 11. TyrH Amino Acid Substrates
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product rel VIKn,
alternate substrate (assay) (Tyr = 100%) comments ref
Phe p- and m-tyrosine 24% K; = 0.13 mM. Hydroxylation is 21% 247, 785, 787, 828
(26:1); Dopa coupled to 6MPH, oxidation

p-aminophenylalanine (NADH) 6.8% 247,787
p-methoxyphenylalanine (NADH) 0.81% 247,787
p-fluorophenylalanine (NADH) K;=0.34 mM 247

m-tyrosine Dopa 1.6% Ki=25mM 247,787, 801, 829
m-fluorophenylalanine (NADH) 247

L-Trp (NADH) 0.85% Ki=21mM 247,787
4-pyridylalanine (NADH) 0.21% Ki=8 mM 247,787

the action of a basic enzyme moiety in some of the
proposed mechanisms for this enzyme (section IV.C.3).
Exchange of water for D,O causes only ordinary
shifts in TyrH pK, values. No solvent isotope effect
on V or V/IK > 1.1 was detected at the optimal pH
(pD), indicating that the rate-limiting formation of
the hydroxylating intermediate does not involve
proton transfers.?*” In section 1V.C.3, the discussion
focuses on results with compounds intended to re-
semble potential intermediates in the hydroxylation
pathway, which follows a discussion of the substrate
specificity and product distribution of TyrH.

2. Substrate Specificity; NIH Shift

TyrH will hydroxylate several other amino acids,
shown in Table 11. In some of these and other cases
Vmax information has been obtained, generally as the
rate of substrate-dependent, g-BH,-coupled NADH
oxidation. Intriguingly, the Vmax values of g-BH;
formation by bovine adrenal TyrH with several
potential and known substrates (phenylalanine, p-
methoxyphenylalanine, p-aminophenylalanine, and
4-pyridylalanine) are indistinguishable from that
with L-Tyr, even though some of these amino acids
are not hydroxylated (the last two in the previous
list).”®” Recombinant (baculovirus) rat TyrH has
about the same Vmax (9-BH, formation) with p- and
m-tyrosine (product = L-Dopa) and p- and m-fluo-
rophenylalanine (products unknown); relative V/K
values are given in Table 11. For both sources of
TyrH, L-Trp has a lower V.« and is at least partially
hydroxylated. Whereas the other amino acids, re-
gardless of whether they are hydroxylated, are mostly
competitive inhibitors, the recombinant rat enzyme
shows noncompetitive inhibition with L-Trp, which
means that it binds multiple forms of the enzyme.?*’
L-Phe is an apparently ordinary TyrH substrate,
hydroxylated in a ratio of ~26:1 at the para and meta
positions,””7820 and from either on to L-Dopa,®*! but
the majority of tetrahydropterin oxidation with L-Phe
is uncoupled to hydroxylation. L-Phe hydroxylation
by TyrH is usually but not ubiquitously observed.
Using rat PC12 TyrH, Dix et al. found that L-Phe was
a competitive inhibitor vs L-Tyr but was not hydroxy-
lated itself (section 1V.C.3). Neither did L-Phe induce
uncoupled BH,4 oxidation by TyrH.5”2 This singular
report contradicts many others that show L-Phe is a
good alternate substrate for TyrH isolated from
either adrenal or pheochromocytoma cells.*?822 This
is not the case for m-tyrosine, which is converted to
L-Dopa in a reaction completely coupled to g-BH;
formation.?*’

These results emphasize the difference between
total turnover and substrate oxidation. While an

amino acid moiety is required to trigger generation
of the hydroxylating intermediate, it is not necessar-
ily sufficient. This is the case for the classic TyrH
inhibitor m-iodotyrosine, which does not induce tet-
rahydropterin oxidation even though it binds with
submicromolar K, values. In addition, 3-pyridyl-
alanine (and some amino acids intended to resemble
the TyrH transition state, vide infra) do not induce
g-BH; oxidation with recombinant rat TyrH, even
though it is a reasonable competitive inhibitor (K, =
0.8 mM, 1.7 mM with bovine adrenal TyrH).247.787

Because the velocity of g-BH; formation is not
dependent upon the nature of the amino acid, it
follows that the decision to commit to catalysis is also
partly independent of the amino acid sidechain.
While this has been claimed to indicate “the total rate
of formation of a hydroxylating species”,”®” this is only
indirectly inferred from the rate of tetrahydropterin
oxidation, as was mentioned in the case of PAH
(section 1V.B). Even when 4a-hydroxydihydropterins
are detected directly,?%¢ indicating O, fissioning, it is
still taken on faith that iron, O,, and tetrahydropterin
interact in the same fashion as during productive
hydroxylations. A reckoning®’ that the rate of
electrophilic hydroxylation must be many times
faster than the generation of the hydroxylating
intermediate, based on the range in ot (but not Vyax)
represented by the extremes of L-Phe and p-ami-
nophenylalanine, is less convincing because the latter
substrate is not hydroxylated. More data on the
products and rates of formation using the other
compounds is needed, which should reveal any trends
in the uncoupling behavior. Fortunately, TyrH ap-
pears to be tolerant of a number of substituents that
PAH would not accept, even as middling competitive
inhibitors. Since TyrH is able to hydroxylate (either)
meta position and the para position of L-Phe, a fuller
range of substrate studies is possible (vide infra).
Until the coupling issue is clearer, the efficiency of
productive TyrH turnover seems to be only inciden-
tally related to the ability to activate its “trigger” for
irreversible O, reduction.

Despite the fact that it is a mostly uncoupled
reaction, L-Phe hydroxylation by TyrH is another
example of a multiple-product-forming reaction and
so is a source of information about the nature and
partitioning of the reactive intermediate(s). The p-/
m-tyrosine product ratio, reported as ~6 with an
impure bovine adrenal preparation®® and 26 with
highly purified recombinant (E. coli) rat TyrH, is also
apparently temperature dependent.’®

At higher temperatures, the ratio is smaller, re-
vealing a 2.2 kcal mol™! difference in activation
energy for hydroxylation at the two positions. Using
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Table 12. Labeled L-Phe Hydroxylation by TyrH?2

Kappock and Caradonna

ring-deuterated

phenylalanine PVo1yr "Vin-Tyr Pp/m Beoupling
4-2H 1.22 +0.01 1.01 £+ 0.09 1.22 +0.02 1.21 + 0.07
3,5-2H; 1.04 + 0.07 1.72 +£0.28 0.55 + 0.03 1.05 £ 0.05
’Hs 1.21 + 0.09 152 +0.21 0.77 +£0.13 1.29 +0.12

a Table adapted from ref 785.

specifically deuterated phenylalanines, the individual
reactions were investigated; as expected the primary
isotope effects are small but are significantly different
from unity (bold entries in Table 12). No secondary
isotope effects were detected (nonbold PV entries in
Table 12), but the data are not precise enough to
show the predicted small inverse isotope effect (0.996
on m-tyrosine formation) expected for initial electro-
philic oxygen attack on a nondeuterated position. It
follows that the isotope-dependent alteration in the
product distribution (Pp/m) is sensitive only to the
hydrogen isotope present at the point of hydroxyla-
tion, a result inconsistent with obligatory arene oxide
formation.®

Were an arene oxide formed, there would be a
5-fold increase in the amount of m-tyrosine formed
from [4-°H]Phe corresponding to the observed 17%
decrease in p-tyrosine formation. Since there is no
such increase, there cannot be a common amino acid
intermediate responsible for the partitioning, which
rules out initial arene oxide formation. Partitioning
between the two products probably “occurs upon
initial attack of the activated oxygen species on the
substrate”, and the relative ratio of product formation
depends upon the relative rates of oxygen addition.”®
The evidence against an obligatory arene oxide
intermediate during cytochrome P450-mediated hy-
droxylation of chlorobenzene and other substrates
(section 1V.A.5) suggests direct oxygen attack occurs.
Analysis of that possibility predicts an inverse sec-
ondary isotope effect on Vimax as small as 0.8. In order
to account for the observed normal isotope effects,
oxygen attack is coupled to C—H bond breaking,
which would have a primary isotope effect sufficient
to mask the predicted inverse effect. Alternately,
attack of the activated oxygen species is reversible;
this seems most likely in the context of metalla-
oxetane formation, which is compatible with the
TyrH evidence presented.’®

The extent of coupling corresponds well to the
isotope effect on the velocity of p-tyr formation
(®°Vp-1yr) for all three labeled L-phenylalanines be-
cause nearly all productive turnovers generate p-
tyrosine, leaving the isotope effect on coupling
(Pcoupling) undetectably different from this value.”®®
Thus it appears that the rate of 6MPH, oxidation
remains constant for all of the isotopically substituted
phenylalanines, which would be predicted from the
constant V. of tetrahydropterin oxidation by TyrH
in the presence of suitable amino acids.

As was mentioned in the introduction to the NIH
shift (section IV.A.4), the majority of L-[4-3H]Phe
hydroxylations by TyrH involve a 1,2-hydride trans-
fer.”°r It would be interesting to learn if label is
retained to a similar extent in [3,5-2H]Phe, both
during para hydroxylation (to determine the isotope
effect on cyclohexadienone rearomatization) and meta-
hydroxylation (efficiency of the NIH shift at a meta

position, which is generally less effective in the case
of cytochrome P450 substrates). Relatively few other
substrates expected to show an NIH shift have been
examined with TyrH. While its alternate substrates
show that TyrH can catalyze oxygen atom transfer
reactions, the peculiar characteristics of the reaction
with L-Tyr itself open the possibility of other mech-
anisms for oxygen transfer. These are discussed in
the following section.

Cobalt-substituted TyrH, an inactive form of the
enzyme, has been used to attempt to “triangulate”
the position of L-Phe bound at the active site. Both
Co?* and Zn?* compete with Fe?* (K, = ~1 and ~0.1
uM, respectively) for binding to TyrH, at a final
stoichiometry of one metal ion per subunit.3?” Nor-
malized values were obtained for the paramagneti-
cally broadened nonexchangeable protons in L-Phe
bound to Co?*-substituted TyrH and Co—H distances
were derived from them. No significant differences
among the metal—proton distances were obtained for
the L-Phe+{C0?"} TyrH complex, or this complex with
added 7,8-BH,. Interproton NOESY data were also
collected on L-Phe bound to Zn?*-substituted TyrH
in the presence of 7,8-BH,, which is supposed to bind
in a manner analogous to the natural cofactor. A
model of the interaction of L-Phe with TyrH was then
proposed using these distance constraints, which has
a relatively extended conformation of L-Phe ~7 A
from the metal center, i.e., L-Phe is near, but not in,
the primary coordination sphere of the metal.”*

We are only beginning to understand the molecular
components of pterin-dependent hydroxylases re-
sponsible for particular functional behaviors. One
early bit of evidence is that the Segawa’s dystonia-
causing TyrH mutant Q381K raises the K, for L-Tyr
by about half an order of magnitude and lowers but
does not abolish activity.'®

3. Transition-State Analogues, Alternate Oxidants

Alone among the pterin-dependent amino acid
hydroxylases, TyrH normally hydroxylates an “acti-
vated” aromatic substrate. This allows for mecha-
nisms akin to those proposed for flavin hydroperoxide-
dependent hydroxylations, where an electron-
withdrawing substituent participates in oxygen atom
insertion.®26 TyrH might function by attacking the
phenoxide form of its substrate (Figure 47, in which
the active oxidant is depicted as the hypothetical 4a-
hydroperoxypterin), which appears to be the case
with p-hydroxybenzoate and phenol hydroxylases.?*

Since p-methoxyphenylalanine is apparently oxi-
dized by TyrH (Table 11), phenoxide formation may
not be obligatory. However, since the products
formed and extent of coupling are unknown with this
substrate, it is uncertain whether the methyl group
is a serious impediment to meta hydroxylation.
Several compounds intended to function as transition



Pterin-Dependent Amino Acid Hydroxylases

B: Y

H\
%i%

Figure 47. Phenoxide-dependent mechamsm for TyrH.
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Figure 48. Compounds intended to be transition-state
analogues for TyrH.

state analogues for different species in the phenoxide
mechanism were prepared (Figure 48). The first of
these was intended to resemble the phenoxide inter-
mediate, and the other two were expected to mimic
the semiquinone intermediate. All three were weak
or ineffectual inhibitors vs L-Tyr (K, =>4, 3, and 0.4
mM, respectively), and the last gave a noncompetitive
instead of the anticipated competitive pattern, which
is reminiscent of inhibition by L-Dopa.?*” While a
mechanism of hydroxylation fundamentally different
from that with the other pterin-dependent hydroxy-
lases is not supported by these observations, it seems
quite likely that TyrH will employ a somewhat
altered hydroxylation strategy for achieving coupled
turnover with its cognate substrate.

A powerful technique for examining the cytochrome
P450 intermediates has been to use alternate oxygen
atom sources, most famously the “peroxide shunt”
mechanism, by which hydroxylation is supported
even though O, reduction steps are bypassed (section
IV.A.3). Attempts to use peroxides as oxygen atom
donors for the PAH reaction have failed, but there
has been some success in this vein with TyrH.5"?

Just as the uncoupled reactions of PAH are more
favorable at high pH, TyrH gives uncoupled BH,
oxidation with L-Tyr at pH 8.2 (40—50% coupled
turnover) using a rat PC12 preparation that gives
95% coupled turnover at pH 7.2. Significant amounts
of BH,4 oxidation occurred in the absence of L-Tyr (20
uM BH, oxidation occurs at 4 x 1073 s7! with 2 uM
TyrH, vs coupled hydroxylation at 5 x 1073 s~ with
L-Tyr/1 uM TyrH). These results suggested that
formation of a hydroxylating species might be pos-
sible in the absence of substrate.5"2

Dix et al. discovered that L-Tyr hydroxylation could
proceed in the absence of tetrahydropterin: when 0.5
uM TyrH was incubated with a 20-fold excess of
H,0,, 0.61 uM L-Dopa (1.2 turnovers) was formed,
as determined by the 3H-release assay.>? If a 200-
fold excess of H,O, was added, only 0.09 uM hydroxy-
lation occurred, indicating that oxidation of the
enzyme was occurring faster than hydroxylation.
Indirect evidence for H,O, formation by TyrH and
BH,4 was obtained by adding L-Tyr at different times
after mixing (no reduced BH,4 remained after 30 s).
From 1 uM BH,4 and 1 uM TyrH, a maximum of 0.5
uM product was obtained as t — 0, an ability to form
product that diminished very slowly (tyz ~ 10 min).
Addition of catalase did not disrupt the catalytic
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ability of this presumably enzyme-bound intermedi-
ate by more than 10%.

These remarkable observations have no analogue
in either of the other aromatic amino acid hydroxy-
lases, so it seems they are particularly dependent on
the “activated” nature of L-Tyr as a substrate. In
agreement with this, mCPBA (but not tert-butyl
hydroperoxide) was able to support L-Tyr hydroxy-
lation but the reaction is completely nonenzymatic,
owing to the rapid destruction of TyrH by both
mMCPBA and tBuOOH. In contrast, mCPBA is com-
pletely unable to hydroxylate L-Phe (neither is the
particular rat PC12 TyrH employed in this study).
Thus there is considerable doubt that the hydroxy-
lating species examined here has any necessary
resemblance to the natural enzyme-bound intermedi-
ate of TyrH. The authors use these data to support
a Fenton-like intermediate on PAH, in order to
explain the greater rate of autoinactivation by that
enzyme relative to TyrH and suggest there is a higher
reduction potential for the active-site iron TyrH that
allows that enzyme to “exhibit alternative modes of
peroxide reactivity in competition with Fenton’s
chemistry”.572 There is no direct evidence to support
these ideas, which are in conflict with much of the
mechanistic work done with PAH. There is no need
to invoke a different structure for the hydroxylating
intermediate generated by the two enzymes if TyrH
can hydroxylate unactivated aromatic substrates.
This criterion is met by the observation of L-Phe
hydroxylation by other forms of TyrH, including rat
pheochromocytoma (PC12 and PC18) TyrH .8

Furthermore, Ribiero et al. were unable to repro-
duce the BH,-independent, H,O,-dependent hydroxy-
lation of L-Tyr under the conditions of Dix et al. using
the same source of enzyme. By a number of criteria,
the PC12 enzyme appeared to function as a “normal”
TyrH.8* The reasons for the discrepancies between
the unique observations of Dix et al. and those of
other investigators remain unknown.

D. TrpH

Very little mechanistic work has been done with
TrpH. A preliminary study of the velocity patterns
of mouse mastocytoma TrpH by Hosoda indicates a
sequential mechanism with DMPH, as cofactor.830
Gal has reached a similar conclusion with BH, as
cofactor.83! Using a partially purified rabbit hind-
brain TrpH, Tong and Kaufman determined the
tetrahydropterin:L-Trp stoichiometry of the TrpH
reaction, which is tightly coupled: 0.96 + 0.01
6MPH, or 0.90 £+ 0.05 DMPH, consumed per 5-hy-
droxytryptophan formed.®”? Working with a less-
pure preparation from the same source, Friedman et
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al. determined a stoichiometry of 0.95 BH, consumed
per 5-hydroxytryptophan formed.36°

A pH optimum for TrpH between 7.0 and 7.6 is
generally observed.332373374 The Kkinetic constants for
pure mouse mastocytoma TrpH, which at specific
activity 5.3 umol min—! mg~! is the most active TrpH
yet reported, are 45 uM (Kn, L-Trp) and 55 uM (Kn,
6MPH,).2"® Various BH, K, values have been re-
ported,3*¢ typical among them the value of 22 uM for
impure rabbit hindbrain TrpH.3%°

Most of the strong TrpH inhibitors known are
potential iron chelators, consistent with an essential
role for the iron, as was discussed in section 11.C.4.
Generally, the inhibitors of this type that are of
physiological interest are catechols, like the L-Dopa-
derived TyrH catecholamine products or other com-
pounds, such as benserazide, a catechol used in
combination with L-Dopa as a Parkinson’s treatment
(Medopar).332:373818832.833 Benserazide is competitive
vs BH, (K, = 80 + 10 uM) and uncompetitive vs L-Trp
(Ky = 176 % 13 uM);3¢" similar results were obtained
with TyrH.8* This result implies that this catechol
and L-Trp do not bind the same form of TrpH; if
benserazide binds to the free enzyme only, this could
indicate some degree of order in the sequential
mechanism.

Several catechol-containing tetrahydroisoquino-
lines and related compounds inhibit TrpH with
submicromolar K, values.®3® Noncompetitive inhibi-
tion was observed vs BH,4 and L-Trp for both L-Dopa
and dopamine,®3? as is observed for dopamine but not
L-Dopa inhibition of TyrH. (In turn, the TrpH
product 5-hydroxy-L-Trp is a moderate inhibitor of
TyrH, with 1Csp ~ 0.1 mM.835) Further studies with
simple catechols will be required to interpret these
observations in mechanistic terms, just as they were
necessary in the TyrH case (section 1V.C.1).

MAO inhibitors cause accumulation of both sero-
tonin and 5-hydroxytryptophan. In vitro, serotonin
is a weak inhibitor of TrpH,332373:385 hut in vivo there
is a negative feedback mechanism operating that
diminishes the apparent TrpH activity in brain
slices.8%% More effective inhibition was observed with
5-hydroxytryptophan, the product of TrpH. This
compound does not ordinarily accumulate because of
the action of AAADC,; there is some variability in the
concentration required to cause inhibition.332373 At
0.1 mM, 5-hydroxytryptophan inhibits pure masto-
cytoma TrpH by 80%.%73

TrpH is subject to substrate inhibition when as-
sayed with BH4.3%°® This effect is diminished or
absent when 6MPH, (or DMPH,) is the cofactor or if
L-Phe is the substrate (either 6MPH, or BH,), for a
variety of natural and recombinant sources of Tr-
pH.343:369.372383.384 Inhijbition of TrpH due to p-chlo-
rophenylalanine is also stronger when BH, is the
cofactor.383

It is perhaps surprising that p-chloro-oL-Phe (K|
= 26 uM for mastocytoma TrpH) is as strong a TrpH
inhibitor vs L-Trp as 4- or 5-fluoro-pL-Trp, and that
6-fluoro-pL-Trp is stronger than either 319360809 Ag
was discussed above, p-chlorophenylalanine causes
depletion of TrpH (section 1V.B.2), which is followed
by an increase in TrpH transcription in dorsal
raphe.8” No information about any of these com-
pounds as TrpH substrates is available.

Kappock and Caradonna

One of the consequences of TrpH'’s low activity and
its rarity is that its 5-hydroxyindole products are
nearly always assayed directly, using sensitive ra-
diochemical or fluorometric methods. As a result
little is known about the coupling of tetrahydropterin
oxidation to product formation, because only produc-
tive product turnover is detected. In the only case
where the extent of coupling has been reported, TrpH
oxidation of 6MPH,, DMPH,, or BH, is tightly
coupled to 5-hydroxytryptophan formation.36%372 The
same preparation hydroxylates L-Phe at 44% (6MPH,),
29% (DMPH,), and 86% (BH,) the velocity of L-Trp
hydroxylation, yielding exclusively p-tyrosine.3? L-
Phe is both a competitive inhibitor vs L-Trp (K, = 0.2
mM; rabbit hindbrain with BH,;) and a very ef-
ficiently used alternate substrate (vide infra).

This ability to cross-hydroxylate the two amino
acids has occasionally led to confusion about the
tissue distribution of each protein (sections 11.C.2 and
IV.A.8). The potential that TrpH might be inhibited
in cases of PKU has been raised, on the basis of the
low levels of brain hydroxyindoles associated with
that condition.®*? It seems that direct inhibition of
TrpH by elevated [L-Phe] provides a reasonable
explanation for this phenomenon.37?

L-Tyr is a poor TrpH substrate, being converted by
the partially purified rabbit brain enzyme to L-Dopa
at 1-5% the rate of L-Trp hydroxylation. Thus it is
unsurprising that m-iodotyrosine is unable to inhibit
TrpH.32 L-Tyr is neither an effective inhibitor nor
a substrate of pure TrpH (=1% of L-Trp activity). Any
ability to hydroxylate L-Tyr is significant, given the
complete inability of PAH to alter L-Tyr. Pure mouse
mastocytoma TrpH hydroxylates L-Tyr at 1% of the
L-Trp rate, while L-Phe is hydroxylated 32% faster
than L-Trp.3”® Pure rat brainstem TrpH (which has
a specific activity 14-fold lower than the mastocytoma
enzyme) shows no L-Tyr hydroxylation, and hydroxy-
lates L-Phe at 39% of the L-Trp rate.®”* This is one
important example of the differences between brain
and peripheral TrpH, which are more significant
than those between brain and adrenal TyrH, or
between liver and kidney PAH.

The streptomycete-produced antibiotic L-[2,5-H]Phe
is a good competitive inhibitor of TrpH vs L-Trp (K|
= 44 uM).B8 Since this compound is an excellent
PAH substrate, there is a very good chance that it is
also a TrpH substrate. It would be interesting to
learn if it is epoxidized by TrpH in analogy to the
PAH transformation (section 1V.B.2). One would
predict that this would be the case, since the NIH
shift functions very effectively in TrpH. As was
mentioned in section IV.A.4, L-[5-*H]Trp forms 5-hy-
droxy-L-[4-3H]Trp with at least 85% retention of label.

This differs from the PAH transformation in that
the migration is directed exclusively to the 4-position
and the label in this position is easily exchanged with
acidic water. The first difference seems to be due to
the greater stability of the carbonium ion at the
4-position compared to the 6-position. The second
may be enhanced by p-quinonoid resonance struc-
tures due to the heterocyclic nitrogen. If the effective
TrpH inhibitor 6-fluorotryptophan is also a substrate,
one might examine the effect of “meta” substitution
by this strong electron-withdrawing group, or the
tendency to redirect the 1,2-hydride migration if
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4-fluorotryptophan is a substrate. If several substi-
tuted-indole compounds are substrates, it would seem
that TrpH would afford the best opportunity to
examine the detailed mechanism of the NIH shift in
the aromatic amino acid hydroxylase enzymes.

V. Future Directions

Despite the great advances that have been made
in characterizing the pterin-dependent hydroxylases
over the past three decades, our understanding of the
nature of the active-site environment, regulatory
behavior, nature of the reactive intermediate, and
mechanism of oxygen atom transfer, are far from
complete. This state of affairs is clearly reflected in
the contradictory results that have been included to
demonstrate the current status of the field.

However, recent successes in using molecular
biological techniques to overexpress proteins will
allowed the isolation of pure enzyme with nearly
complete activity, a necessary first step for any
detailed investigation. Identification and analysis of
the structural changes induced by the allosteric
effectors will be essential to understand the funda-
mental aspects of how the reactivity properties of the
active site are controlled and what steps are respon-
sible for the commitment to catalysis. Undoubtedly,
significant insights into this problem will arise from
comparative crystallographic studies of the resting
and activated forms of these enzymes. The ability
to systematically generate a variety of enzymatic
states at concentrations appropriate for spectroscopic
investigation will greatly facilitate a more detailed
understanding of the role played by the active iron
center in these enzymes.

Several significant issues are still poorly under-
stood, including such fundamental questions as to the
basis for the differential reactivity of PAH and TyrH
with respect to L-Tyr. Detailed chemical explana-
tions for the phenomenon of uncoupled turnover
readily observed in these pterin-dependent hydroxy-
lases also promises to be a major challenge. Fur-
thermore, investigating the identity of the active
hydroxylating species, its formation pathway, and its
similarities and differences with other non-heme- and
heme-centered hydroxylating intermediates promises
to yield insights into iron-based oxidation chemistry.

Likewise, much is still to be learned about the
thermodynamics and kinetics of the interconversion
of the different states of these enzymes. Such a level
of understanding will be of equal, if not greater,
significance to the medical community. For instance,
comparison of the state-dependent properties of wild-
type PAH with those of missense mutants that give
rise to PKU in the human population offers the real
opportunity to uncover the chemical basis of this
common inborn metabolic disorder. Equally intrigu-
ing is the possibility of understanding the effects of
specific mutations in TyrH and TrpH and their
possible links to neurochemical (behavioral) disor-
ders. Building on the foundations formed during the
past 30 years, research on the pterin-dependent
hydroxylases is poised to answer many fundamental
and exciting questions during the next decade of
effort.
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VI. Glossary of Symbols and Abbreviations

14-3-3 TrpH activator protein

5-HT 5-hydroxytryptamine, serotonin

*6MPH; trihydropterin radical form of 6-methyl-
pterin

6MPDH, 6-methylpyrimidodiazepine

6MPH, 6-methyl-5,6,7,8-tetrahydropterin

6,6-M,PH,4 6,6'-dimethyl-5,6,7,8-tetrahydropterin

6-PTPS 6-pyruvoyl-tetrahydropterin synthase, EC
4.6.1.10

7-BH4 isomer of BH,4; reduced form of primapterin

7,8-6MPH, 6-methyl-7,8-dihydropterin

7,8-BH; 6-methyl-7,8-dihydropterin

7,8-DMPH> 6,7-dimethyl-7,8-dihydropterin

7,8-XPH, 6-substituted 7,8-dihydropterin

AaT-20 neuroendocrine (anterior pituitary) cell line

ACh acetylcholine

ANBADP 5-[(3-azido-6-nitrobenzylidene)amino]-2,6-
diamino-4-pyrimidinone

BH, tetrahydrobiopterin, (6R)-erythro-2,3-dihy-
droxypropyl-5,6,7,8-tetrahydropterin

CaM calmodulin

cAMP-PK cyclic AMP-dependent protein kinase; pro-
tein kinase A

CaM-PK 11 CaM-dependent protein kinase |1

cGMP-PK cyclic GMP-dependent protein kinase

CNS central nervous system

COoSs monkey cell line

CRE cAMP-responsive element

DCoH dimerization cofactor of homeoboxes; PCD

DEAE (diethylamino)ethane

DHFR dihydrofolate reductase, EC 1.5.1.3

DHPR dihydropteridine reductase, EC 1.6.99.7

DMPH, 6,7-dimethyl-5,6,7,8-tetrahydropterin

L-Dopa 3,4-dihydroxy-L-phenylalanine

DTNB 5,5'-dithiobis(2-nitrobenzoic acid); Ellman’s
reagent

DTT dithiothreitol, Cleland’s reagent

EDTA ethylenediaminetetraacetic acid

EGTA ethylenebis(oxyethylenenitrilo)tetraacetic
acid

E-PK endogenous proline-directed serine/threo-
nine protein kinase

EPR electron paramagnetic resonance

EXAFS extended X-ray fine structure

FI isoalloxazine portion of FMN or FAD

FIH- flavin semiquinone radical

FIH» reduced flavin

Oeft effective g factor

GC—MS gas chromatography detected by mass spec-
tra

GEM glyceryl-ether monooxygenase, EC 1.14.16.5

GOD hydroxyl-deuterated glycerol, CH(OD)(CH,-
OD),

GTPCH GTP cyclohydrolase I, EC 3.5.4.16

HEPES N-(2-hydroxyethyl)piperazine-N'-2-ethane-
sulfonic acid

HNF-1 hepatocyte nuclear factor-1, a tissue-spe-
cific transcription factor

HRP horseradish peroxidase, EC 1.11.1.7

HPA hyperphenylalaninemia

HPLC high-pressure liquid chromatography

HSV herpes simplex virus

hTH1-4 human TyrH isoforms 1—4

IBMX 3-isobutyl-1-methylxanthine

1Csg 50% inhibitory concentration

ICER inducible cyclic AMP early repressor

KempH, Michaelis constant for 6MPH,4

Kapp apparent dissociation constant

Kav gel filtration partition coefficient

Kqg dissociation equilibrium constant

K| inhibition equilibrium constant
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Kia binding constant in sequential mechanism
i “uncompetive” inhibition constant in non-
competitive inhibition expression

Kis “competitive” inhibition constant in non-
competitive inhibition expression

Km Michaelis constant

Ko, Michaelis constant for O,

Kphe Michaelis constant for L-Phe

Kiyr Michaelis constant for L-Tyr

Keat catalytic rate constant

kn/kp intermolecular deuterium isotope effect

LOOH linoleic hydroperoxide; (13S)-hydroperoxy-

9-cis,11-trans-octadecadienoic acid

lyso-PAF dealkylated form of PAF

MBP maltose-binding protein

MCD magnetic circular dichroism

mCPBA meta-chloroperbenzoic acid

MOPS 3-(N-morpholino)propanesulfonic acid

MTHFR methylenetetrahydrofolate reductase, EC
1.5.1.20 and 1.7.99.5

MTX methotrexate, amethopterin

MwWC Monod, Wyman, and Changeux

NCDC 2-nitro-4-carboxyphenyl N,N-diphenylcar-
bamate, an a-chymotrypsin inhibitor

NEM N-ethylmaleimide

NGF nerve growth factor

NHE normal hydrogen electrode

L-NHA NC-hydroxy-L-arginine

Nle norleucine

NMR nuclear magnetic resonance

NOS nitric oxide synthase, EC 1.14.13.39

NS-1, 6, and 7 antibodies that bind pterin-binding pro-
teins

0-phen o-phenanthroline; 1,10-phenanthroline

pet porphyrin cation radical

p35 GTPCH inhibiting protein

PAF platelet aggregation factor

PAH phenylalanine hydroxylase, EC 1.14.16.1

PAHiPhe R-state allosteric configuration of PAH;
active state of PAH

PAHR - PAHR .. with substrate present at the

[L-Phe] active site L-Phe binding site

PAHt PAH activated by limited a-chymotrypsin

a—chymotrypsin

cleavage
PAHE/C;(OIecithin PAH act!vated w!th lysolecithin
PAHSE,, PAH activated with NEM

PAHT T-state allosteric configuration of PAH;
resting state of PAH

T-state PAH with substrate present at the
active site L-Phe binding site

PAHT[L-Phe]

PC12, PC18 pheochromocytoma-derived cell lines

PCD pterin 4a-carbinolamine dehydratase, EC
4.2.1.—

PCD/DCoH PCD

PH-1, PH-8 aromatic amino acid reactive antibodies

PHBH p-hydroxybenzoate  hydroxylase, EC
1.14.13.2

PKC protein kinase C; Ca2*/phospholipid-de-
pendent protein kinase

PKU phenylketonuria

Pp/m isotope effect on para vs meta hydroxyla-
tion of L-Phe by TyrH

PNMT phenethanolamine N-methyltransferase, EC
2.1.1.28

PPBS putative pterin binding site

g-6,6-M,PH, ortho-quinonoid 6,6-dimethyldihydropter-
in; 6,6'-dimethyl-5,6-dihydropterin

g-6MPH> ortho-quinonoid 6-methyldihydropterin;
6-methyl-5,6-dihydropterin

g-BH; ortho-quinonoid dihydrobiopterin; 6-meth-
yl-5,6-dihydrobiopterin

g-DMPH, ortho-quinonoid 6,7-dimethyldihydropterin;

6,7-dimethyl-5,6-dihydropterin

Kappock and Caradonna

q-6MPDH> ortho-quinonoid dihydropyrimidodiazepine

g-TMPH; ortho-quinonoid 6,6',7,7'-tetramethyldihy-
dropterin; 6,6',7,7'-tetramethyl-5,6-dihy-
dropterin

g-XPH; 6-X-substituted quinonoid dihydropterin

R PAHR state, catalytically active state

rPAH recombinant PAH

S236-rPAH Cys236 — Ser mutant of rPAH

SCN superchiasmatic nucleus

Sol solvento ligand

SR sepiapterin reductase, EC 1.1.1.153

T PAHT state, resting state

TCB, TCBO  2,2',5,5'-tetrachlorobiphenyl, TCB oxide

TCE trichloroethylene

Ter termolecular

TH1, TH2 non-human primate TyrH isoforms

THF tetrahydrofolate

5,10-CH,-THF 5,10-methylene-THF

*‘TMPH; trihydropterin radical form of 6,6',7,7'-
tetramethylpterin

TMPH, 6,6',7,7'-tetramethyl-5,6,7,8-tetrahydro-
pterin

TMS trimethylsilyl

TPP tetraphenylporphyrin

TrpH tryptophan hydroxylase, EC 1.14.16.4

TyrH tyrosine hydroxylase, EC 1.14.16.2

U units of PAH, TyrH, or TrpH; umol L-Tyr
(or appropriate product) min—?!

UTR untranslated region

\Y enzyme velocity

VTVF variable-temperature, variable-field

Vmax maximum enzymic velocity

w.t. wild-type

XANES X-ray absorption near-edge spectroscopy

XAS X-ray absorption spectroscopy

XPH,4 6-substituted tetrahydropterin

¢-Sepharose  Phenyl Sepharose CL-4B
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Note Added In Proof

Heterologously expressed human PAH has been
purified to homogeneity and shown to have kinetic
constants similar to native human and rat liver PAH,
but with a specific activity 5 times smaller than rat
liver PAH. The recombinant human PAH is partially
activated and is less responsive to phosphorylation.83°
Phosphorylation has also been recently shown to
increase the activity of a MBP—human PAH fusion
and improve proteolytic excision of the MBP do-
main.8*® Radiation target analysis has been used to
support a minimally dimeric configuration for the
active PAH species.®*
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Recent reviews of TyrH focused on regulation have
appeared.842843 Alternate TyrH mRNA splicing, in-
volving skipping of exon 3 or use of an alternate splice
donor in exon 2, has been detected in human pheo-
chromocytoma cells and rat adrenal medulla.844.845
These minor species are present at ~5% abundance,
and in the human case are particularly associated
with a neurodegenerative disorder.84> Co-induction
of GTPCH and TyrH activity has been detected in
stimulated PC12 cells, suggesting coordinate regula-
tion of BH, and TyrH in these cells.8¢ Reduced levels
of immunoreactive PAH and TyrH protein were
found in the GTPCH-deficient hph-1 mouse, suggest-
ing that deficiencies in aromatic amino acid hydroxyl-
ase levels in this strain may be due to a combination
of low hydroxylase and BH, levels.8*” The helical
content and thermal stability of pure, phosphorylated
TyrH has been shown to be increased upon addition
of Fe(11).8*8 Theoretical support for a metal chelate
origin in the catecholate iron 520 cm~! Raman band
has been reported.?*® An expanded study of the
alternate substrate reactivity of TyrH has lent sup-
port to the proposal of a highly electrophilic oxygen-
ating species and a cationic intermediate during
catalysis.® Interestingly, hydroxylation of p-F-Phe
yields only L-Tyr (35% coupled to BH, oxidation), in
contrast to the mixture of para- and meta-haloge-
nated tyrosines formed from other para-halogenated
phenylalanines (11% coupled for p-Cl, 2.1% coupled
for p-Br). The direct-elimination mechanism occur-
ring with p-F-Phe appears to be less sensitive to
substituent electronegativity than the NIH shift-
generating pathway.®° Studies examining the iron
site in catecholamine-free TyrH show that the in vitro
resting state Fe3" enzyme is readily reduced by 0.5
equiv of 6MPH,, with g-6MPH; as the only detectable
pterin product.®® The presence of O, readily causes
oxidation to the ferric state. During catalytic turn-
over, the iron site remains reduced although slow
oxidation of the ferrous center to the ferric level is
observed by catechol trapping.8?!

TrpH levels have been shown to vary in a “clock-
dependent” circadian rhythm, as opposed to a mela-
tonin-dependent manner, peaking in early night.8%2
Heterologous expression of rat TrpH in human
fibroblasts or as GST fusions has been reported; in
both cases enzyme activity is greatly stimulated by
the presence of ferrous iron.®38% Purified GST
fusions to full-length or truncated TrpH (amino acids
99—-444) have identical, iron-dependent specific ac-
tivity, which is an order of magnitude higher than
has been reported for native brain enzyme.8* The
demonstration of *NO inhibition of TrpH activity
provides additional evidence that it is a non-heme
iron-dependent enzyme.8%
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