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Abstract. Many bioactive peptides must be amidated at
their carboxy terminus to exhibit full activity. Surpris-
ingly, the amides are not generated by a transamidation
reaction. Instead, the hormones are synthesized from
glycine-extended intermediates that are transformed
into active amidated hormones by oxidative cleavage of
the glycine N-Ca bond. In higher organisms, this reac-
tion is catalyzed by a single bifunctional enzyme, pep-
tidylglycine o-amidating monooxygenase (PAM). The
PAM gene encodes one polypeptide with two enzymes
that catalyze the two sequential reactions required for
amidation. Peptidylglycine «-hydroxylating monooxy-
genase (PHM; EC 1.14.17.3) catalyzes the stereospecific
hydroxylation of the glycine «-carbon of all the pep-
tidylglycine substrates. The second enzyme, peptidyl-a-
hydroxyglycine «-amidating lyase (PAL; EC 4.3.2.5),

generates o-amidated peptide product and glyoxylate.
PHM contains two redox-active copper atoms that,
after reduction by ascorbate, catalyze the reduction of
molecular oxygen for the hydroxylation of glycine-ex-
tended substrates. The structure of the catalytic core of
rat PHM at atomic resolution provides a framework for
understanding the broad substrate specificity of PHM,
identifying residues critical for PHM activity, and
proposing mechanisms for the chemical and electron-
transfer steps in catalysis. Since PHM is homologous in
sequence and mechanism to dopamine f-monooxyge-
nase (DBM; EC 1.14.17.1), the enzyme that converts
dopamine to norepinephrine during catecholamine
biosynthesis, these structural and mechanistic insights
are extended to DBM.

Key words. Amidation; copper; peptidylglycine «-amidating monooxygenase; dopamine f-monooxygenase; elec-
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Introduction

Peptide amidation is a ubiquitous posttranslational
modification of bioactive peptides. Over half of all
peptide hormones require amidation to achieve full
biological activity. The amidation reaction is catalyzed
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by two enzymes: peptidylglycine «-hydroxylating
monooxygenase (PHM; EC 1.14.17.3) and peptidyl-a-
hydroxyglycine o-amidating lyase (PAL; EC 4.3.2.5). In
some organisms these enzymes are expressed indepen-
dently, whereas in higher organisms both are expressed
on one polypeptide chain. These enzymes can produce
amides of all 20 amino acids as well as fatty acyl
amides. The first half of this review focuses on the
biology of these enzymes and the role of the amidated
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peptides that they produce. The latter half focuses on
the structure and mechanism of PHM and how these
insights apply to related enzymes.

Peptide amidation and the bifunctional PAM protein:
PHM and PAL

Bioactive peptides are important as hormones, neuro-
transmitters and paracrine agents. Most bioactive pep-
tides are synthesized from large, inactive precursors by
a set of co- and posttranslational modifications includ-
ing signal peptide cleavage, disulfide bond formation,
addition of N-and O-linked oligosaccharide chains and
endoproteolysis [1-8]. Over half of these peptides re-
quire formation of a C-terminal «-amide to gain full
biological activity [9, 10]. Peptidylglycine a-amidating
monooxygenase (PAM; EC 1.14.17.3), a bifunctional
enzyme, catalyses the conversion of peptidylglycine
substrates into «-amidated products in a two step reac-
tion (fig. 1, top). The first step of the amidation reac-
tion is catalyzed by PHM, whereas the second step is
catalyzed by PAL. PAM is the only enzyme known to
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be capable of catalyzing the formation of amidated
peptides; genetic deletion of the Drosophila enzyme
eliminates production of amidated peptides and results
in early embryonic lethality [11].

The structure of the bifunctional PAM protein is simi-
lar in many species [12] (fig. 1, bottom). The PAM
protein has an NH,-terminal signal sequence, followed
by a short proregion that is cleaved from PHM
proteins isolated from bovine pituitary and frog skin.
The PAL enzyme is located C-terminal to the PHM
enzyme, separated from PHM by a noncatalytic seg-
ment called exon A that can be excluded as a result of
alternative splicing. The PAL enzyme is followed by a
transmembrane domain and a short C-terminal do-
main. PHM and PAL can be expressed independently
or generated by endoproteolytic cleavage of PAM. The
PHM enzyme is an ascorbate-dependent, colorless
monooxygenase containing two coppers [13, 14] that
cycle between Cu*t and Cu?* during the monooxyge-
nase reaction [15]. These copper atoms are easily re-
moved with chelators and completely restored by
addition of cupric ion [12, 14]. PHM activity is not
supported by metals other than copper. Several agents

2 Ascorhate 2 Semidehydroascorbate
H
1
" \ / i L & Peptide-N~H
Peptide N g~ 00" > PeptlclefN‘- -C00 3
- PAL + HC-COO
S N Il
Hs Hr H Hr
Peptidylglycine Peptidyl Amidated peptide
a-hydroxyglycine and glyoxylate
KR KK

’ exglrsl A
signal T t (16) :
_ protease- routing
pro-region sensitive signals
region
(exon 15)

Figure 1. The PAM Reaction and the PAM Protein. (Top) The two-step conversion of peptidylglycine substrates into products is
shown. Peptidylglycine «-hydroxylating monooxygenase, PHM, has also been referred to as peptidylglycine z-amidating monooxyge-
nase and peptidylglycine hydroxylase; peptidyl-o-hydroxyglycine «-amidating lyase, PAL, has also been referred to as peptidylamidogly-
colate lyase and peptidyl-o-hydroxyglycine lyase. (Bottom) The structure of a bifunctional membrane PAM protein that includes exon
A (exon 16) is shown. The hydrophobic signal sequence is removed in the endoplasmic reticulum. The 10-residue proregion is removed
in a post-Golgi compartment in neuroendocrine cells; its presence facilitates exit from the endoplasmic reticulum but does not affect
catalytic activity. A protease-sensitive region (exon 15) separates the end of the PHM catalytic core from exon A [121]. Tissue-specific
endoproteoytic cleavage in exon A can generate soluble PHM and membrane PAL. The PAL enzyme contains a single N-glycosylation
site (N-CHO) and terminates just before Lys821-Lys822. Endoproteolytic cleavage can occur between PAL and the transmembrane
domain (TMD), but the cleavage sites are not well characterized. The cytosolic region (cytosolic domain, CD) contains signals
important to the localization of PAM in the distal trans-Golgi network and to its endocytosis from the plasma membrane [110].
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can reduce the two PHM copper atoms from Cu?* to
Cu* through two single-electron transfers; however,
reactions using ascorbic acid as the reductant result in
the highest PHM activity in test-tube assays and in
cultured cells [16—21]. One mole of ascorbic acid is
consumed for each mole of amidated product [17].
Soluble, bifunctional PAM contains a single zinc atom
which may be bound to the PAL enzyme [22]. The
enzymatic activity of PAL is abolished by chelators
such as EDTA, but in contrast to the metal specificity
of PHM, PAL activity can be restored with a slight
molar excess of several divalent metal ions [12].

Amidated peptides: ancient and broadly expressed
messengers

Peptides terminating with an «-amide are found widely
in vertebrates and invertebrates; examples include sub-
stance P, neuropeptide Y, oxytocin and vasopressin,
gastrin, calcitonin, many of the snail conotoxins, locust
adipokinetic hormone, Aplysia egg-laying hormone and
many of the antimicrobial peptides isolated from the
hemolymph of shrimp (reviewed in [14, 23-27]). Al-
though o-amidation does not occur in yeast, an ami-
dated peptide, pyro-Glu-Tyr-Pro-NH,, has been
isolated from dried alfalfa pellets [28]. It seems safe to
assume that complementary DNAs (cDNAs) encoding
secretory products that can be cleaved to yield a peptide
with a C-terminal Gly will generate an o-amidated
product when expressed in tissues producing PAM.
For most xz-amidated peptides, the «-amide group is
required for full biological activity. By preventing ion-
ization of the C-terminus, z-amidation may render a
peptide more hydrophobic and thus better able to bind
to its receptor. Studies on the interaction of a variety of
G-protein-coupled peptide receptors with their ami-
dated peptide ligands show the amide moiety as a key
determinant of interaction with the receptor [29-31]. At
least one amidated tetrapeptide, Phe-Met-Arg-Phe-NH,
or FMRF-NH,, activates an amiloride-sensitive Na™
channel, the first peptide-gated ionotropic receptor [32].
In general, glycine-extended peptides are not prevalent
in tissue extracts and act as transient intermediates in
the biosynthetic pathway leading to amidated products
[33]. However, gastrin-Gly [34-36], adrenomedullin-
Gly [37] and oxytocin-Gly [38] are major forms in the
circulation. Gastrin-Gly, acting through a receptor dis-
tinct from the receptor for gastrin-NH,, has its own
unique biological effects [34, 35, 39, 40]. In cases where
both the Gly-extended precursor and amidated product
have distinct biological activities, control of amidation
is of special importance.

Primitive organisms such as the Cnidarians (sea
anemone, Hydra), which have an organized nerve net,
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produce a variety of amidated peptides, and lack classi-
cal transmitters such as acetylcholine and cate-
cholamines [41]. It is estimated that Hydra contain over
1300 peptides, many of which are amidated [26]. In
Hydra these peptide precursors are expressed in strictly
controlled spatial and temporal patterns [42] and regu-
late functions such as muscle contraction and induction
of metamorphosis [24, 43].

The role of amidated peptides as frequency-dependent,
neuromodulatory cotransmitters has been best defined
in Aplysia [44, 45]. In Caenorhabditis elegans, over 18
genes encode more than 53 FMRF-NH,-related pep-
tides. Despite this apparent redundancy, disruption of a
single FMRF-NH, precursor gene leads to uncoordi-
nated movements, hyperactivity and insensitivity to
high osmolarity [46].

Consistent with their ancient use as signaling molecules,
amidated peptides are involved in a diverse array of
functions in vertebrate systems. Early structure/function
studies demonstrated the importance of amidation to
peptide hormones that are made and stored in classical
endocrine tissues (e.g. vasopressin, gastrin and go-
nadotropin-releasing hormone). It is now clear that
amidated peptides are expressed in a wide variety of
tissues and used as paracrine and autocrine factors. For
example, adrenomedullin is a hypotensive peptide pro-
duced in endothelial cells, chondrocytes and vascular
smooth muscle cells [47, 48]. Pituitary adenylate cyclase-
activating peptide (PACAP) increases the survival of
sensory and motor neurons during embryonic develop-
ment [49], and substance P may play a role in axon
guidance [50].

PAM substrates

The ability of PAM to produce peptides terminating
with all 20 amino acid amides has been appreciated for
some time [10, 23]. Interestingly, substrates terminating
in D-amino acids can also be PAM substrates. When
mammalian cells were engineered to produce gastrin
with its C-terminal Gly substituted with Ser or Ala, no
amidation occurred; after feeding the cells D-Ser or
D-Ala, a small amount of amidated gastrin was detected
[51]. Landymore-Lim and co-workers [52] showed that
peptides ending in D-Ala were indeed substrates for
PAM. Early studies indicated that purified PHM could
also catalyze N-dealkylation, O-dealkylation and sul-
foxidation reactions of nonpeptide substrates (fig. 2A)
[53]. More recent studies indicate that PAM can accom-
modate a wide variety of nonpeptide substrates [14,
54-56]. Purified recombinant PAM efficiently converts
fatty acyl glycines, ranging in length from N-formyl to
N-arachidonyl, into fatty acyl amides through an N-
acyl-a-hydroxyglycine intermediate (fig. 2B). Thus
PAM may produce oleamide, a fatty acyl amide iden-
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Figure 2. Diversity of Substrates/Reactions Accommodated by
PAM. (4) A variety of potential nonpeptide substrates were
tested with monofunctional PHM purified from frozen bovine
pituitaries. N-dealkylation, O-dealkylation and sulfoxidation reac-
tions are shown [53]. (B) PAM catalyzes the oxidative cleavage of
N-acylglycines ranging in length from N-formyl to N-arachidonyl
[54, 55]; the formation of oleamide, a potent sleep-inducing agent,
is shown [57, 58]. (C) PAM converts nicotinuric acid into nicoti-
namide via a hydroxyglycine intermediate, suggesting a role for
PAM in the formation of many nonpeptide primary amides [56].

NH, * Glyoxylate

tified in the cerebrospinal fluid of sleep-deprived cats;
upon injection into rats, oleamide induces physiological
sleep and modulates serotonergic signal transduction
[57, 58]. PAM also catalyzes the conversion of nicotin-
uric acid into nicotinamide [56] (fig. 2C). Access of
potential substrates to PAM is clearly critical in deter-
mining which of the reactions are catalyzed in vivo.

Sites of expression of PAM

In the adult, expression of PAM is highest in atrial
myocytes, endocrine cells of the pituitary and in many
neurons. However, PAM expression is not limited to
classical neuroendocrine tissues. PAM is found in air-
way and olfactory epithelium, endothelial cells, chon-
drocytes of bronchial cartilage, smooth muscle cells,
brain ependymal cells and astrocytes [12, 59—63].

Review Article 1239

During development, PAM appears first in decidualiz-
ing uterine endometrium and myometrial smooth mus-
cle; later, PAM expression is apparent in the
cardiogenic region [64]. PAM expression in the central
nervous system exhibits a complex developmental pat-
tern. Nonneuronal cell populations that express espe-
cially high levels of PAM include limb mesoderm and
the mesenchyme adjacent to nasal, maxillary, palatal
and dental epithelia during tissue fusion and remodeling
[64]. It is not yet clear whether expression of PAM
indicates that amidated peptides or perhaps fatty acyl
amides are playing a developmental role in these tissues
[65].

Expression of PAM is detectable in many neuroen-
docrine tumors, and amidated peptides may contribute
to tumor growth [60, 66, 67]. For example, small cell
lung carcinoma cells secreting gastrin-releasing peptide
exhibit decreased growth in the presence of a neutraliz-
ing antibody [67]. The growth-promoting role of many
amidated peptides makes PAM a target for therapeutic
strategies [65].

At least in some cases, x-amidation is the rate-limiting
step in peptide production. Thus, raising or lowering
the level of PAM protein by transfection with sense or
antisense PAM vectors results in a corresponding in-
crease or decrease in peptide «-amidation [12]. The
growth of lung tumor cell lines is slowed upon anti-
sense-mediated decreases in PAM expression [68]. Con-
sistent with a rate-limiting role for amidation, levels of
PAM synthesis in melanotropes are 10,000-fold lower
that levels of substrate (proopiomelanocortin) synthesis,
and it is estimated that each secretory granule contains
an average of one molecule of PAM [69].

As might be expected for a rate-limiting enzyme, levels
of PAM messenger RNA (mRNA) and activity are
regulated in a tissue-specific manner, often in parallel
with the propeptide substrate [69, 70; reviewed in 12,
23]. For example, castration increases the ratio of
glycine-extended substance P to amidated substance P
up to sevenfold in specific brain regions [33]. Levels of
PAM mRNA in the pituitaries of female rats vary
through the estrus cycle and are inversely related to
estradiol levels (fig. 3) [71]; in ovariectomized rats, estra-
diol reduces levels of PAM by an effect on mRNA
half-life [72].

Pharmacological inhibitors of PHM and PAL

Disulfiram, used daily by an estimated 200,000 Ameri-
cans as an alcohol deterrent, reduces levels of amidated
peptides in the pituitary and cerebral cortex of adult
rats, presumably by chelating copper and inhibiting
PHM [33, 73]. Following disulfiram treatment, PAM
protein extracted from rat pituitary or atrium and as-
sayed in the presence of optimal levels of exogenous
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copper exhibits an unexplained increase in activity [73].
Similarly, the PHM catalytic core prepared by limited
trypsin digestion from disulfiram treated rats continues
to exhibit an increased V,,,, [74].

Trans-styrylacetic acid (phenylbutenoic acid) is a mech-
anism-based inhibitor of PHM [53, 75]. When used in
vivo, trans-styrylacetic acid decreased serum PHM ac-
tivity 76 and decreased the inflammatory response ob-
served in response to carrageenan [61]. Results of
experiments using trans-styrylacetic acid and trans-
styrylthioacetic acid to inhibit PHM from rat, horse and
human serum suggest that there are species-specific dif-
ferences in the response [77]. Other inhibitors of PHM
include benzylhydrazine [78] and N-acetylphenylalanyl
acrylate [79]. N-substituted dipeptides with a C-terminal
homocysteine are also potent inhibitors of PHM and
effectively block production of amidated substance P in
cultured dorsal root ganglion neurons [80, 81]. Potent
inhibitors of PAL include pyruvate-extended N-acetyl
amino acids [82] and 2,4-dioxo-5-acetamido-6-phenyl-
hexanoate [79].

Requirements for peptide amidation: copper and
ascorbate

To date, it appears that all peptide a«-amidation is
catalyzed by PAM. Immunohistochemical localization
of PHM in the absence of PAL has led to the suggestion
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Figure 3. Expression of PAM is Regulated. Levels of PAM
mRNA in the anterior pituitary and in the uterus of female
Sprague-Dawley rats are inversely proportional to circulating
levels of estradiol. This dependence is observed during the estrus
cycle of normally cycling female rats. Levels of PAM mRNA were
normalized to levels of a control mRNA (S26), with the level at
metestrus set to 100%. Levels of plasma luteinizing hormone (LH)
verified the stage in the estrus cycle; levels of estradiol also peak
at P16. M, metestrus; D, diestrus; P10, proestrus, 10 h; P16,
proestrus, 16 h; E16, day of estrus, 16 h. Redrawn from [71] and
[72].
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that additional enzymes are involved, but none has been
identified [83]. The amidation of newly synthesized pep-
tides occurs within the lumen of the secretory pathway
and requires molecular oxygen, reduced ascorbate and
copper along with the peptidylglycine substrate (fig. 4).
It has been demonstrated, both in vivo and in vitro,
that copper chelators or ascorbic acid deprivation re-
sults in a decrease in peptide «-amidation [23, 73, 84,
85].

A family of sodium-dependent ascorbate transporters
responsible for the high-affinity uptake of ascorbate
from plasma into cells was recently identified; SVCT?2 is
especially enriched in neurons, neuroendocrine cells,
exocrine cells, osteoblasts and endothelial cells [86].
How cytosolic ascorbate then enters the lumen of the
secretory pathway is not clear, although the aqueous
pore through which proteins enter the endoplasmic
reticulum [87, 88] could provide a pathway. Ascorbate,
present at a level of 2-5 mM in the cytoplasm of
peptide-producing cells [§89-91], may be concentrated
10-fold during the creation of mature secretory gran-
ules. Maintenance of reduced ascorbate within the
secretory pathway involves shuttling of electrons by
cytochrome bsg, [92] (fig. 4). Other single-electron re-
ductants can substitute for ascorbate in intact cells and
in test-tube assays [16, 19-21]. The lack of reductant
specificity in PHM is supported by the observation that
no ascorbate binding site was identified in crystals of
PHM analyzed in the presence of high levels of ascor-
bate [93].

As discussed in detail below, copper plays an essential
role in peptide amidation; no other metal ion can re-
place copper. The unique chemical properties of copper
that give it an essential role in peptide amidation and
other processes such as cellular respiration, free-radical
defense, connective tissue biosynthesis and cellular iron
metabolism mean that copper must be compartmental-
ized and tightly regulated [94]. Recent studies on two
disorders of copper metabolism, Menkes syndrome and
Wilson disease, have identified homologous P-type
adenosine triphosphatases (ATPases) responsible for
transport of copper into the lumen of the secretory
pathway (fig. 4) [94—98]. Based on their sites of expres-
sion, Menkes protein (MNK) is likely to transport
copper into the lumen of the secretory pathway where it
could become available to PHM. Increased stimulation
of plasma PAM activity by added copper is reported in
Menkes patients [99]. Copper binds tightly to many
proteins, raising the possibility that a specific copper
chaperone may be required to present copper to PHM
[100-103]. Tt is not yet clear when during its biosynthe-
sis PHM acquires the copper atoms that are essential to
its function. A soluble PAM protein retained in the
endoplasmic reticulum by appending a KDEL-reten-
tion/retrieval motif is fully active when assayed with
exogenous substrate and copper [104].
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Na* -dependent ascorbate transporters (SVCTs); SVCT] is prevalent in epithelial cells, whereas SVCT2 is prevalent in pituitary and
brain [86]. Cytosolic ascorbate levels are 2—5 mM in pituitary and brain, whereas levels of ascorbate in secretory granules are 10-20
mM [91]. PAM converts lumenal ascorbate into semidehydroascorbate, which is reduced to ascorbate in a cytochrome bsq,-mediated
process that depends on cytosolic ascorbate [92, 166]. Cytosolic copper can be transported into the lumen of the secretory pathway by
either of two P-type ATPases: the protein that is mutated in Menkes syndrome (MNK; ATP7A) is widely expressed, whereas the protein
that is mutated in Wilson disease (WD; ATP7B) is most prevalent in liver.

No consensus has been reached on the mechanisms
involved in routing soluble proteins into secretory gran-
ules [105—109], but soluble, monofunctional PHM and
PAL are each efficiently targeted to secretory granules
[110]. In contrast, integral membrane forms of PAM are
largely localized to the frans-Golgi network region of
AtT-20 cells [111]. PAM is one of the few integral
membrane proteins associated with peptide-containing
secretory granules, and has been used as a tool to
investigate the routing of membrane proteins to pep-
tide-containing granules [110-112].

The ability to produce amidated peptides is not limited
to classical peptide-producing cells. Even the levels of
PAM in fibroblast lines such as NIH-3T3, COS-7 and
CHO allow amidation of secretory products engineered

to have a C-terminal Gly [113, 114]. Expression of
glycine-extended salmon calcitonin in the rabbit mam-
mary gland yields milk containing large amounts of
amidated calcitonin [115].

The PAM gene

Detailed studies of the single-copy PAM gene in the rat
indicate that tissue-specific alternative splicing generates
mRNAs encoding more than seven different PAM
proteins [23, 116—118]. The major splicing events result
in deletion of exon A (exon 16) and/or deletion of the
transmembrane domain (exon 25). Deletion of exon A
limits the ability of endoproteases to separate the PHM
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and PAL enzymes. Deletion of the transmembrane do-
main converts membrane PAM into a soluble, lumenal
protein that is secreted along with its peptide products.
Similarly, alternative splicing of the single-copy human
PAM gene generates a collection of PAM proteins [119,
120].

Soluble PHM and PAL proteins are generated from
membrane precursors by tissue-specific endoproteolytic
cleavage [12]. The activity of the monooxygenase is
increased upon removal of the C-terminal region of
PAM [121]. As for many multifunctional enzymes,
protease treatment demonstrated that PAM is com-
posed of protease-resistant PHM and PAL enzymes
[122]. The PHM catalytic core (PHMecc) was refined to
rat PAM-1(42-356) by truncation analysis [123]. Simi-
larly, the PAL catalytic core (PALcc) was refined to rat
PAM-1(498-820) [124].

Rat (1,2,3,32,3b,4,5)
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Different species have taken different approaches to
accomplishing the task of peptide amidation (fig. 5). In
the vertebrates, a bifunctional enzyme like that charac-
terized in the rat plays a major role. The rat PAM gene
consists of at least 27 exons and encompasses over 160
kb of genomic DNA [118]. This gene is unusual in the
large size of many of its introns (4 of the introns are
over 10 kb long). Two PAM genes have been identified
in Xenopus laevis, a species that is thought to be te-
traploid [125]; both genes encode bifunctional PAM
proteins lacking an exon A-like region. As in the rat,
alternative splicing of the Xenopus PAM gene can yield
monofunctional PHM.

A search of the C. elegans database for genes that could
encode proteins homologous to rat PAM identifies one
bifunctional PAM protein and a separate monofunc-
tional PAL protein (fig. 5); the corresponding cDNAs
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Figure 5. Evolution and the Bifunctional PAM Gene. The proteins encoded by the PAM genes identified in the various species are
drawn to scale. Separate genes identified in the same species are listed on separate lines; alternatively spliced variants of the same gene
are listed in parenthesis. Not all of these proteins have been expressed and shown to be active. The ? indicates that it is not clear whether
a transmembrane domain and cytosolic domain are present. Rat PAM [118]; human PAM [119, 120]; Xenopus laevis PAM [125]; C.
elegans: bifunctional PAM, AAB37637.1 or AAC16983.1; monofunctional PAL, AAB42278.1; Lymnaea stagnalis PAM [126];

Drosophila melanogaster PHM [11]; sea anemone PHM [127].
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Figure 6. The PHM/DBM Family of Proteins. Twelve PHM sequences (mouse, human, bovine, Xenopus 1, Xenopus 11, Lymnaea 1-4,
sea anemone, C. elegans and Drosophila) were aligned to the sequence of rat PHM; residues that are identical in PHM of all species
are highlighted in light gray or dark gray; although C. elegans PAM lacks residues corresponding to Cys81 and Cys126, these residues
are still shown as conserved. The locations of each f-strand and the 3;, helix are shown. The sequence of rat DBM was aligned to the
sequence of rat PAM. DBM sequences from mouse, bovine, horse, human, Drosophila and C. elegans were aligned to rat DBM, and
residues identical in DBM of all species are highlighted in medium gray or dark gray. Identities common to PHM and DBM are

highlighted in dark gray.

have not been expressed and shown to encode active
enzyme. In Lymnaea stagnalis, the pond snail, a single
integral membrane protein contains four independent,
functional PHM enzymes and a single, active PAL
enzyme [126] (fig. 5). Interestingly, alternative splicing
of the noncatalytic exon A region also occurs in a
cell-type specific fashion in Lymnaea.

In contrast, in Drosophila melanogaster and in sea
anemone, no bifunctional PAM protein has been iden-
tified, and separate genes encode PHM and PAL
[11, 127]. The exon/intron structure of Drosophila
PHM is closely related to that of rat PAM. Multifunc-
tional enzymes frequently occur as separate monofunc-
tional enzymes in more primitive species [128—130]. In
species in which formerly independent catalytic units
are joined together, functional units are often separated
by highly variant regions of sequence. Consistent with
this, the protease-sensitive region between PHM and
PAL, corresponding to exon 15 in rat PAM (fig. 1), is
highly species-specific [118]. The monofunctional PHM
found in Drosophila terminates in the exon that corre-
sponds to exon 14 of rat PAM. A search of the
Drosophila genome identified two potential monofunc-
tional PAL proteins (fig. 5). A search with TBLASTN
of the Saccharomyces cerevisiaea genome using the se-

quence of rat PAM fails to reveal homologs of PHM
or PAL.

Residues absolutely conserved in 13 known PHM
proteins are identified in figure 6. Only 60 of the 315
residues in the catalytic core are completely conserved
when species as diverse as the sea anemone and
Drosophila are included in the comparison; it is impor-
tant to note that not all of the PHM proteins included
in the sequence comparison have been shown to be
active. Nevertheless, the five His residues and the single
Met residue which interact with the two essential copper
ions are conserved, as are eight cysteine residues, which
form structurally crucial disulfide bonds. Many of the
other conserved residues are Gly and Pro residues.

The PHM/DBM family of monooxygenases

The only enzyme exhibiting homology to any part of
PAM is dopamine f-monooxygenase (E.C.1.14.17.1), a
two-copper monooxygenase which catalyzes the ascor-
bate and molecular-oxygen-dependent conversion of
dopamine into norepinephrine [131]. The catalytic core
of PHM is 28% identical to the corresponding region of
DBM (fig. 6). Eight of the 10 Cys residues in PHMcc
are conserved in DBM, and disulfide bonds occur in



1244 S. T. Prigge et al.

homologous locations [123, 132]. The conserved exon/in-
tron junctions in the PHM and DBM genes confirm their
evolutionary relationship [118, 133]. The cDNA for a
third PAM homolog, monooxygenase X or MOX, was
recently discovered by screening senescent human fibro-
blasts; it is not clear whether MOX is a functional en-
zyme, and a substrate remains to be identified [134].
Genes encoding PHM and DBM have been identified in
multicellular eukaryotes (fig. 6). In Drosophila, tyramine
f-hydroxylase replaces dopamine f-hydroxylase [135].
A screen of the C. elegans genome identifies a DBM-like
protein distinct from the PAM and PAL genes shown in
figure 5. Cnidarians, the most primitive organisms to
have an organized nerve net, use amidated peptides but
not catecholamines for intercellular communication.
Thus, PHM appears to be the evolutionary precursor of
DBM [41]. Complete and partial genomes from archaea,
eubacteria and single-cell eukaryotes contain no iden-
tifiable homologs to either enzyme.

PHMcc crystal structure

Enzymes of the PHM/DBM family are of fundamental
importance in many biological processes, and have long
been the subject of efforts to better understand the role
of copper in bioinorganic chemistry. We used crystals of
the nonglycosylated, 35-kDa PHMcc to study the struc-
ture and mechanism of this enzyme. Experiments using
N-o-acetyl-3,5-diiodotyrosylglycine  (Ac-Dil-YG), a
dipeptide substrate of PHMcc, showed that PHMcc is
active in these crystals [93]. Three forms of PHMcc were
crystallized and their structures determined by X-ray
diffraction methods: (i) oxidized (ox-PHMcc), (ii) re-
duced (red-PHMcc) and (iii) oxidized with bound sub-
strate (ox-PHMcc/sub) [93, 136]. In all three forms the
protein adopts the same overall structure, with only
small differences in the conformations of a few active-
site side chains and in the coordination geometry of the
coppers. The structure consists of two copper binding
domains, each about 150 residues in length, comprised
primarily of f-strands (fig. 7). The two domains, con-
nected by a three-residue linker, form an oblate ellipsoid
with approximate dimensions of 55 A by 45 A by 25 A.

Domain I

The amino-terminal domain (right, fig. 7) is composed of
10 f-strands and binds the copper designated as CuA.
The main structural unit is a ff-sandwich of two antipar-
allel f-sheets—one containing four strands, one con-
taining five. Two of the f-sandwich strands, strands 4
and 7, contain classic f-bulges. There are three disulfide
links connecting strands and loops in domain I without
linking the two ff-sheets together.

New insights into copper monooxygenases

Domain II

Domain IT (left, fig. 7) is composed of 12 f-strands and
one 3;, helix and binds CuB. The major structural unit
is a f-sandwich formed by one four-stranded antiparal-
lel ff-sheet and one five-stranded mixed f-sheet. Two of
the strands, strands 14 and 16, contain classic f-bulges.
There are two disulfide bonds in domain II, both of
which connect the two sheets of the f-sandwich.

Overall structure

The two PHM domains differ in many ways, but con-
tain a similar topological core: an eight-stranded an-
tiparallel f-sandwich. When superposed, 86 of their
residues overlap with an r.m.s. distance between the o
carbons of 1.5 A. However, when domains I and II are
structurally aligned, their sequence identity is less than
5%. Neither the disulfide-forming cysteines nor the cop-
per ligands are conserved. In fact, the CuA and CuB
sites are located topologically on opposite sheets of the
p-sandwich domains (fig. 8A). Despite the low sequence
identity, subtle structural details are conserved between
the domains. For example, the f-bulges in domain I (in
strands 4 and 7) superimpose exactly on the f-bulges in
domain II (in strands 14 and 16).

The orientation of the two domains places the two
endogenous coppers, CuA and CuB, 11 A apart facing
the interdomain space. In this region, no part of either

Figure 7. Representation of the PHMcc Fold. The backbone is
shown in gray with the coppers represented by green spheres.
Strands are purple arrows, and the orange cylinder is a 3,, helix.
Side-chain ligands to the two catalytic coppers are colored by
atom type (carbon is gray, nitrogen is blue and sulfur is yellow).
Bound substrate is shown in dark grey. This figure was made with
the program SETOR [167].
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Figure 8. Topology of PHMcc Domains. (4) Superposition of domain I and domain II of PHMcc. Domain I (grey) is shown
superposed on domain II (purple) based on the structural alignment of 86 residues from each domain (the z-carbons of these residues
align to 1.5 A r.m.s. distance). (B) Topology of PHMcc. Both domains of PHMcc are shown with numbered strands represented as solid
arrows and the connecting loops represented by dotted lines. The ff-sheets in both domains are separated by a dashed horizontal line.
The eight-stranded topological core found in both domains of PHMcc is shaded in gray.

domain is in contact with the other, leaving the cleft
between the two coppers accessible to solvent. In a
region distant from the copper binding sites, the two
domains are closely associated through a large hydro-
phobic interface formed by residues well conserved in
PHM sequences (515 A2 of domain I and 500 A2 of
domain II are buried). The interdomain interface is
further stabilized by a hydrogen-bonded antiparallel
p-sheet that links the two domains.

Comparison with other proteins

The Brookhaven Protein Data Bank contains several
proteins whose three-dimensional structures are similar
to those of PHMcc. The DALI search engine [137] was
used to match protein topologies by preserving the
sequence order of secondary structural elements—in
this case the order of strands in the f-sheets. The two

domains of PHMcc have similar topologies, forming
eight-stranded antiparallel jelly-roll f-sandwiches (fig.
8B). Domains with this topology are found in many
viral capsid proteins, lectins and glucanases, although
no detectable sequence identity exists between PHM
and any of these proteins. One domain of the copper-
binding enzyme galactose oxidase, has a topologically
similar jelly-roll domain, but the enzyme does not use
this domain to bind its copper atoms.

The endoglycosidase asparagine amidase (EC 3.5.1.52)
is the only protein to match a region spanning both
domains of PHMcc in overall structure. Asparagine
amidase does not bind metal atoms and catalyzes the
deglycosylation of N-linked carbohydrates—a reaction
dissimilar to the PHM/DBH reaction. The structural
search matched 201 of 311 residues from asparagine
amidase with 201 of 315 PHMcc residues. Over the 201
residue region, the sequence identity is 4%, a nonsignifi-
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cant identity, yet the peptide backbone positions of the
two proteins differ by only 5.0 A r.m.s. distance. The
asparagine amidase structure contains four f-bulges
which align near the four f-bulges found in PHMcc.
Three of the f-bulges are shifted by one residue relative
to PHMcc, whereas the fourth is shifted by three
residues. The structural similarity between the two
proteins suggests an evolutionary relation.

PHM spectroscopic studies

Extensive spectroscopic data have been reported for the
coppers of PHM and DBM. These studies showed that
the two coppers, named CuA and CuB, are far apart
and do not form a dicopper center. Extended X-ray
absorption fine structure (EXAFS) experiments indicate
an average of 2.5 N (histidines) and 1.5 N or O ligands
per copper atom in the oxidized state [13, 138, 139]. One
study indicated the presence of a weak sulfur ligand to
CuB in oxidized PHM [13]. In the reduced state, EX-
AFS readily detects a sulfur ligand to CuB in both
enzymes [138—-140]. Fourier transform infrared (FTIR)
spectroscopy on anaerobic, reduced PHM in the pres-
ence of CO (an O, analog) showed that CO binds to
reduced CuB, presumably forming a four-coordinate
complex [139]. A similar study in DBM showed that CO
binds to CuB competitively versus oxygen [141, 142].
These studies identify CuB as the copper associated
with oxygen binding and the chemical steps of the
reaction. Our determination of the high-resolution
structure of PHMcc provided the first complete descrip-
tion of the copper sites [136].

Copper coordination

The general characteristics of the copper coordination
are similar in all three structures of PHMcc; the small
differences in coordination of the coppers in the three
forms will be described in later sections.

Domain I binds one active site copper (CuA) with three
histidine No ligands (H107, H108 and H172). The coor-
dination geometry of CuA is T-shaped, with H107 and
H108 at the top of the T and H172 at the base (fig.
9A,B). The Cu—NJ bond lengths are short for H107
and H108 (1.9-2.2 A) and longer for H172 (2.1-2.6 A).
Domain II binds the second catalytic copper (CuB) with
two histidine Ne¢ ligands and a methionine sulfur (H242,
H244 and M314). A solvent ligand (probably water)
also binds to CuB, forming a tetrahedral complex (fig.
9A,B). The Cu—N¢ bond lengths for H242 and H244
are about 2.0-2.2 A, whereas the Cu—-Sé M314 bond is
considerably longer (2.4-2.6 A). All six copper ligands
are conserved among PHM sequences (fig. 6), and mu-
tagenesis of any of these residues eliminates PHM activ-
ity [13, 123, 143].

New insights into copper monooxygenases

Structures of different PHMcc states

The structures of oxidized, reduced and substrate-
bound oxidized PHMcc show small but significant dif-
ferences that provide insight into how key events in the
PHM reaction cycle may occur.

Oxidized and substrate-bound oxidized PHMcc
In the presence of oxygen, oxidized PHMcc is the

Figure 9. Reduced and Oxidized PHMcc Active Sites. (4) Oxi-
dized PHMcc active site (ox-PHMecc/sub). Peptide substrate is
shown colored by atom type (carbon is gray, nitrogen is blue,
oxygen is red, sulfur is yellow and iodine is turquoise). The copper
atoms and waters are represented by green and red spheres,
respectively. Dotted purple lines indicate hydrogen bonds or
copper ligation. In the oxidized state, a water bridges the peptide
substrate and Q170, but Q170 does not form a hydrogen bond
with H108. A red arrow indicates the reactive a-carbon of the
substrate glycine. (B) Reduced PHMcc active site (red-PHMcc).
The backbone is shown in gray with important active-site residues
colored by atom type. This figure was made with the program
SETOR [167].
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resting form of the enzyme. The initial structure deter-
mination was done with this form. Subsequently,
cocrystals were grown of a PHMcc/substrate complex
(ox-PHMcc/sub). The substrate N-o-acetyl-3,5-diiodo-
tyrosylglycine (Ac-Dil-YG), was used since this com-
pound is a substrate for crystalline PHMcc [93] as well
as PHMcc in solution (K,=3 puM). Crystallization
was carried out by adding excess Ac-Dil-YG to the
crystallization conditions. This approach ensures that
the crystals are oxidized, since any reduced PHMcc
would rapidly react with the substrate, producing oxi-
dized PHMcc in the process. The structure should in-
clude any structural changes induced by substrate
binding since the substrate binds to PHMcc before the
complex crystallizes.

Comparison of the structures of oxidized PHMcc with
and without bound peptide reveals no significant dif-
ferences, either in the conformations of individual
residues or in overall structure (0.3 A r.m.s. for a-car-
bons). The CuA—CuB distance is about 11 A in both
structures: binding of peptide does not bring the two
domains into closer proximity. The most significant
structural change upon peptide binding is a rotation of
the N316 side chain (30° rotation of y-2), breaking a
hydrogen bond with Y318 and forming a new hydro-
gen bond with the backbone of the substrate.

The ox-PHMcc/sub structure reveals that the substrate
binding site is exquisitely tailored to bind peptidyl-
glycine (fig. 9A) without relying on specific side-chain
interactions. Several conserved active-site residues
(R240, Y318 and N316) and one structural water form
hydrogen bonds with the peptide backbone of the
bound substrate, anchoring it in the interdomain cleft
(figs 7 and 9A). The Ac-Dil-YG carboxylate is an-
chored by a bidentate salt bridge to the guanidinium
of R240 and a hydrogen bond to Y318, and the glycyl
NH makes a hydrogen bond with the side chain of
N316. The diiodotyrosine side chain occupies a loose
hydrophobic pocket which is spacious enough to ac-
commodate any amino acid side chain. In addition,
several hydrophobic residues have extensive contact
with the substrate, including CuB ligand M314 [139].
The reactive Ca of the substrate glycine is 4.4 A from
CuB, and the pro-S hydrogen (abstracted during the
PHM reaction; [144]) is oriented towards the CuB-
bound solvent atom.

Mutational studies confirm the importance of key ac-
tive site residues. For example, replacement of Y318
with phenylalanine increased the K, of PHMcc for
peptidylglycine substrate about seven-fold with little
effect on V., [123]; replacement of M314 with
isoleucine resulted in an inactive enzyme that bound
less tightly to peptidylglycine resin than wild-type
PHMcc [13].
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Reduced PHMcc

Reduced PHMcc crystals (red-PHMcc) were made by
soaking crystals in 5 mM ascorbic acid, a concentra-
tion that reduced the copper sites in identical crystals
during crystal activity experiments [93]. Once reduced,
the coppers remained reduced, since oxidation of the
copper atoms requires both substrate and oxygen [15].
Red-PHMcc and ox-PHMcc/sub represent different
ligand states and oxidation states, yet are structurally
very similar. The r.m.s. distance (x-carbons) between
red-PHMcc and ox-PHMcc/sub is 0.3 A. The two
CuA-CuB distances are not significantly different:
104 A in red-PHMcc, 10.6 A in ox-PHMcc/sub.
Taken together, these results indicate that neither re-
duction nor substrate binding results in significant in-
terdomain motion.

The red-PHMcec structure (fig. 9B) supports a model in
which ascorbate reduces CuA and CuB independently.
Ascorbate (5 mM in the mother liquor) is not found
near either copper in red-PHMcc, indicating the ab-
sence of a tight ascorbate binding site. This conclusion
is supported by the observation that several one-elec-
tron donors can be used instead of ascorbate [16, 19—
21]. Tt is likely that reductants interact directly with
each copper, relying on the exposure of both coppers
to solvent. This mechanism of reduction is attractive
because it allows independent reductions of the two
coppers without requiring electron transfer between the
metals in the absence of bound substrate. Both coppers
of PHM are known to be reduced by ascorbate in the
absence of substrate [15].

The most noticeable differences between the PHMcc
structures involve changes in the positions of Q170 and
H108 (fig. 9A,B). In red-PHMcc, H108 and Q170 form
a hydrogen bond (Fig. 9B); in ox-PHMcc, a water
molecule bridges H108 and Q170 (data not shown).
Different interactions occur in ox-PHMcc/sub—a wa-
ter molecule occupies a position between the side chain
of Q170 and the carboxylate oxygen of the bound
substrate (fig. 9A). An ox-PHMcc/sub 2F, — F, map
(calculated before water molecules were placed) con-
toured at 1o shows electron density connecting the side
chain of Q170 to the substrate carboxylate (the dis-
tance from the O¢ of Q170 to the carboxylate oxygen
of Ac-Dil-YG is 5.6 A). A water molecule placed in
this density is about 3 A from Q170 and 3 A from the
substrate carboxylate.

Mechanism of the PHM reaction

Mechanistic insight from the DBM reaction

The PHM and DBM reactions have been studied exten-
sively. Despite marked differences in their substrate
specificity, the reaction mechanisms of the two enzymes
appear to be highly similar [145]: both exhibit catalytic
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Figure 10. Possible PHM Reaction Schemes. Scheme one (top) and scheme two (bottom) show two possible routes from peptide
substrate to alkoxide product based on two mechanistic proposals for DBM [146, 154]. Gray shaded atoms mark atoms mark key atoms

during the reaction.

competence of the reduced enzyme, were shown to
involve a radical intermediate, have the same stereospe-
cificity of abstraction and involve addition of oxygen
from molecular oxygen to an activated aliphatic carbon
[146—148]. Data from the two systems have been used
to complement each other. In this section we describe
the mechanistic proposals as they apply to PHM. The
main experimental evidence can be summarized as
follows:

1) Starting with oxidized PHM, the resting form of the
enzyme, the two coppers are reduced from Cu?* to
Cu™ by two one-electron transfers from two ascorbates
oxidized to semidehydroascorbates, which dispropor-
tionate to yield ascorbate and dehydroascorbate; this
produces catalytically competent reduced PHM [15].
2) Only in the ternary complex of reduced enzyme with
peptidylglycine substrate and molecular oxygen does
the reaction progress, producing amidated product, wa-
ter and oxidized enzyme [15].

3) Studies with mechanism-based inhibitors suggest that
the reaction progresses through an alkyl radical inter-
mediate [53, 149].

4) Stereospecificity of hydrogen abstraction (pro-S;
[144]) and chirality of product (S; [150]) have been
established.

5) Molecular oxygen, not water oxygen, is incorporated
into peptidyl-a-hydroxyglycine product [151-153].

Additional kinetic experiments with purified DBM led
to the proposal of two alternative chemical mechanisms
that differ mainly in the nature of the hydrogen-ab-
stracting species [146, 154]. These mechanisms can be
used as starting models for the reaction catalyzed by
PHM. In both schemes, molecular oxygen binds to CuB
after ascorbate reduces the catalytic coppers. In the
presence of substrate, each copper donates one electron
to molecular oxygen, which undergoes a two-electron
reduction to peroxide. Either solvent or an active site
general acid protonates the peroxide, forming copper-
bound hydroperoxide [155]. From this point, the two
reaction schemes diverge.

In scheme 1 (Fig. 10, top), homolysis of the hydroper-
oxide is coupled to abstraction of hydrogen from the
substrate [146]. Scheme 2 (Fig. 10, bottom) relies on an
active-site residue (thought to be a conserved tyrosine)
to donate a hydrogen atom (proton and electron) to
form a copper-bound radical [154]. Both mechanisms
result in a copper-alkoxide complex which dissociates to
yield free enzyme and product.

Reaction steps

The crystal structures of PHMecc shed light on how the
two reaction schemes shown in figure 10 might operate.
Both reaction schemes begin with oxygen binding to
one of the active site coppers. The PHMcc structures
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show that CuB is solvent-exposed and has a solvent
ligand that could be displaced by molecular oxygen
binding. This conclusion agrees with EXAFS data
which show that CO (an oxygen analog) binds to a
copper which is coordinated by a sulfur ligand [139].
Both reaction schemes call for protonation of the cop-
per-bound molecular oxygen [155] either by solvent or a
protein general acid. In the PHMcc structure, no gen-
eral acids are found in the region surrounding CuB. The
hydroxyl of Y318 (conserved in all sequences) is 6.8 A
from CuB, and is the closest reactive protein side chain.
Thus, solvent would be the most likely proton donor in
these reaction schemes.

The second scheme calls for hydrogen transfer from the
enzyme to the Cu'-hydroperoxide species, resulting in
radical formation on the amino acid donor. Three
amino acids have been shown to stabilize radicals in
other systems: tyrosine (ribonucleotide reductase, pho-
tosystem II, prostaglandin H synthetase, amine oxidase
and galactose oxidase), tryptophan (cytochrome ¢ per-
oxidase and methylamine dehydrogenase) and glycine
(pyruvate formate lyase and ribonucleotide reductase)
[156]. Two tyrosines (Y79 and Y318) are in the vicinity
of CuB, and are conserved in all sequences of PHM and
DBM. However, the distance from CuB to the hydrox-
yls of Y79 and Y318 are 7.67 A and 6.78 A, respec-
tively. These distances are too long for direct interaction
between tyrosine and copper-bound molecular oxygen.
In addition, mutagenesis experiments show that replace-
ment of Y79 and Y318 with phenylalanine does not
abolish PHM activity, indicating that these residues are
not involved in a critical catalytic step [13, 123]. The
Y318F mutant does show a sevenfold increase in K,
but this increase is probably due to its role in binding
peptide substrates in the PHMcc active site.

PHM mechanistic studies

Our structural and mutagenesis studies provided impor-
tant insight into the mechanism of the PHM reaction.
First, they rule out the involvement in catalysis by
PHM of the tyrosines proposed as part of scheme 2.
Second, by providing the detailed geometry of the
groups involved in the reaction, they strongly suggest
that the hydrogen abstraction is carried out by a cop-
per-bound oxygen species. These and other observa-
tions allowed us to propose a novel mechanism (fig. 11)
that, although different from previous proposals, incor-
porates some of the features of both schemes [93].
One important question that had not been addressed
before our structural studies was the pathway used to
transfer one electron from CuA to the oxygen bound to
CuB as part of the two-electron reduction of molecular
oxygen. Our structures show that the two coppers are
11 A apart [136], and our crystal activity experiments
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show that this distance does not change significantly
during the catalytic cycle [93]. Thus, the enzyme has
contradictory requirements: it has to facilitate transfer
of an electron from CuA to CuB, but has to prevent
liberation of harmful reduced oxygen species that result
from the electron transfer. Our structures of PHM
suggest a substrate-mediated electron transfer pathway
(see below). This allows reduction of molecular oxygen
to occur only when substrate is bound to the enzyme.
Under these conditions the reduced oxygen species are
not released, but instead react immediately with the
bound substrate.

Electron transfer

PHM and DBM reaction schemes call for electron
transfer from CuA to CuB during the reaction cycle. In
other enzymes where electron transfer occurs from more
than one metal to one oxygen molecule, the oxygen is
bound bridging both metals, or the metals are located
close enough for metal to metal electron transfer. In the
case of PHMcc, the coppers are separated by an 11 A
solvent-filled cleft between domain I and domain II.
Interdomain motion could reduce the distance between
the coppers during catalysis, but the available evidence
suggests that this mechanism of electron transfer is not
operational in PHM. The CuA and CuB ligands are
fixed in place by the f-sheets; thus, the movement
would have to involve a global hinge motion between
the two PHMcc domains instead of local flexibility in
the vicinity of the copper binding sites. Hingelike move-
ment of the two PHMcc domains would involve consid-
erable rearrangement of residues in the interdomain
interface. Finally, the crystal activity experiments de-
scribed above show that electron transfer occurs in the
crystal phase, where interdomain motion is not possible.
In all PHMcc structures, the shortest through-bond
electron transfer pathway connecting CuA to CuB is 70
residues in length (about 250 A), and the shortest path-
way including hydrogen-bonded residues is also pro-
hibitively long (24 residues; about 80 A). These
distances are considerably longer than known through-
bond electron-transfer distances in proteins, which
rarely exceed 40 A. The rate of electron transfer would
be enhanced, however, by the presence of a shorter
pathway between the CuA and CuB sites.

The crystal structures of red-PHMcc and ox-PHMcc/
sub illuminate a possible mechanism for electron trans-
fer (fig. 9A,B). In the reduced state (red-PHMcc), a
hydrogen bond is formed between H108 and Q170 (fig.
9B). In the substrate-bound oxidized state, a water
molecule is located between Q170 and the substrate
carboxylate (fig. 9A). From these two structures it can
be inferred that in the substrate-bound reduced state,
the H108—Q170 hydrogen bond exists while a water
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molecule is hydrogen-bonded to Q170 and the substrate
carboxylate. This positioning of atoms forms a connec-
tion between CuA and CuB that may function as an
electron-transfer pathway, but only when substrate is
bound to reduced PHM. The substrate-mediated elec-
tron transfer pathway is about 20 A in length—well
within the range of distances for well-characterized elec-
tron-transfer reactions. Calculations with the program
PATHWAY [157] support the important role of the
substrate in the electron-transfer pathway. The electron-
transfer rate calculated [158] for the substrate-mediated
pathway (fig. 12A) is 107 times faster than the rate
calculated with the substrate removed (fig. 12B). This
proposal is further supported by experimental data that
show that electron transfer does not occur unless sub-
strate is present (i.e. reduced PHM is not reoxidized to
Cu?* in the presence of oxygen alone; [15]).

New insights into copper monooxygenases

The proposed electron-transfer pathway includes the
carboxyl portion of the substrate: the glycyl «-carbon
and carboxylate. The same atoms, present in all known
peptide substrates, could bind to PHM in a manner
identical to the substrate binding observed in ox-
PHMcc/sub. PHM substrates and mechanism-based in-
hibitors include several nonpeptide compounds which
contain only these atoms in common [14, 53-56, 77,
149, 159, 160]. Compounds that contain an amide in
place of the required carboxylate are not PHM sub-
strates, perhaps due to disruption of the electron trans-
fer pathway. One interesting outcome is that hormones
that end in glycylamide (e.g. oxytocin and vasopressin)
are generated by PHM from precursors which end in
two glycine residues. Once the terminal glycine is
cleaved by PAM, the remaining hormone, now termi-
nating in glycylamide, is no longer a PHM substrate.
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Figure 11. Mechanism Proposed for PHM. Copper-bound oxygen exists in two resonance forms indicated by the double-headed arrow.

Oxygen atoms derived from molecular oxygen are shaded gray. The substrate atom labeled ‘X’ indicates that ‘NH’,
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occupy this position. This mechanism is also compatible with the formation of a copper-alkoxide product (lower left) as proposed for

DBM [154, 168].
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Ac-Dil-YG

Figure 12. Calculated Electron-transfer Pathways. (4) Electron-transfer pathway calculated for ox-PHMecc/sub. The best electron-
transfer pathway was calculated with the program PATHWAY [157] and is shown as a combination of through-bond, through-hydro-
gen bond and through-space jumps. The PHMcc backbone is shown in gray with the coppers represented by green spheres and other
atoms colored by atom type. The through-space jump is marked by a wavy red line with the corresponding interatomic jump distance.
Copper ligand bonds and hydrogen bonds are indicated with dotted lines. (B) Electron-transfer pathway calculated for ox-PHMcc/sub
with the substrate and solvent molecules removed. The best electron-transfer pathway from CuA to CuB was calculated with the
program PATHWAY [157] and represented as in (4). The calculated electron-transfer rate [158] is enhanced by 107 in the
substrate-mediated pathway (4) compared with the pathway shown in (B). The open red circle in (4) marks a possible position for the
second oxygen atom of molecular oxygen based on the geometry of a small molecule Cu-dioxygen structure [169]. The close
juxtaposition of dioxygen with the substrate would further enhance the electron transfer rate. This figure was made with the program
SETOR [167].

PHM reaction mechanism In general, a reduced copper dioxygen complex could
Electron transfer through the substrate may be a critical ~ exist in three resonance states: Cu'-dioxygen, Cu''-su-
feature of catalysis by PHM, allowing the reaction to peroxide or CuM-peroxide. The structures of PHMcc
proceed only in the presence of substrate and oxygen. show that the CuB site is composed of poor electron-
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donating ligands (especially methionine), which would
prevent formation of the high-valence cupryl state
(Cu'™). The Cu"-superoxide resonance form is thought
to dominate in small molecule copper-oxygen com-
plexes [161]; however, compounds containing a
thioether ligand (similar to methionine) appear to stabi-
lize the Cu' state [162, 163]. Thus, PHM-bound dioxy-
gen may exist in resonance between Cu'B-dioxygen and
Cu""B-superoxide (fig. 11) (these resonance states are
both electron paramagnetic resonance (EPR)-silent due
to spin coupling). Substrate binding provides a pathway
for electron transfer from CuA to CuB, with formation
of Cu"A (EPR-active) and Cu'B-superoxide. This
model provides an explanation for the observation that
reduced PHM (EPR-silent) exposed to oxygen remains
EPR-silent until substrate is added [15]. The resulting
Cu'B-superoxide species could be protonated to yield
Cu""B-hydroperoxide. Subsequent steps of the PHM
reaction could be similar to the mechanisms described
as scheme 1 or scheme 2 in figure 10. Our results,
however, suggest a new possibility that does not involve
a Cu""B-hydroperoxide species.

In this novel proposal (fig. 11), the distal oxygen of the
Cu'B-superoxide abstracts the pro-S hydrogen from the
a-carbon of the substrate glycine. Small-molecule tran-
sition metal complexes indicate that metal-bound super-
oxide is capable of hydrogen atom abstraction [164].
Structural details in PHM are also consistent with hy-
drogen abstraction by superoxide; the pro-S hydrogen
is oriented towards the CuB-bound solvent ligand (see
above). The resulting substrate radical attacks the CuB-
bound hydroperoxide, promoting homolytic cleavage of
the oxygen-oxygen bond. With the addition of a proton
(perhaps from solvent), hydroxylated peptide product
and a Cu'-hydroxide species are formed. The CuB-
bound hydroxyl dissociates with addition of another
proton from solvent, regenerating the oxidized enzyme.
Alternatively, the last step of the mechanism could
involve a copper-bound alkoxide (fig. 11).

New insights into copper monooxygenases

The PAL enzyme

Carboxy-terminal and amino-terminal truncations have
allowed us to define the catalytic core of PAL (PALcc),
and mutagenesis of the N-glycosylation site has shown
that PAL activity is not affected by elimination of the
sugar side chain [124]. Nonglycosylated PALcc, a 38-
kDa protein, appears to be ideal for crystallization
trials. Preliminary studies on PALcc indicate that it is
extremely resistant to protease digestion. The four cys-
teine residues in PALcc form two disulfide bonds. The
thermal stability of PALcc is decreased following treat-
ment of the enzyme with EDTA [124], suggesting that a
divalent metal plays a structural role in this protein.
Mutagenesis of potential zinc ligands identifies a set of
PALcc proteins that are efficiently secreted but exhibit
vastly reduced activity. The structure of PAL will prove
interesting from the standpoint of general enzymology
since there is no known structural homolog to PAL. In
terms of its reaction mechanism, PAL may be closely
related to alcohol dehydrogenase, a well-studied zinc-
containing enzyme [165]. The structural details of the
PAL active site will help to determine whether such a
mechanism (fig. 13) is viable.

Other copper monooxygenases: DBM and MOX

Mechanistic insights gleaned from structural studies on
PHM may be applicable to all members of the two
copper monooxygenase family. Of particular interest
are the substrate binding requirements and the position
of the catalytically important residues in DBM. To
address these issues, rat DBM was modeled using the
structure of rat PHM as a template. Rat PHM and rat
DBM sequences (27% identical over 314 residues) (fig.
6) were aligned based on the structure of rat PHM. The
correct alignment of the six conserved copper ligands
anchors most of the active-site residues, increasing
confidence in this area of the model. A bound confor-

Zﬂ2+
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R

Figure 13. PAL Reaction Mechanism. A hypothetical reaction mechanism for PAL is shown. The mechanism relies on an active site
zinc to hydrolyze «-hydroxylated substrate (the product of the PHM reaction).
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mation of dopamine was built manually so that the
reactive f-carbon occupied the same position as the
reactive o-carbon of a peptidylglycine substrate bound
to oxidized PHM.

Figure 14 shows the structure of the PHM/peptide
complex in the same orientation as the model of the
In PHM,

DBM/dopamine complex. the substrate

Model of DBM

Figure 14. Modeling of the DBM Active Site. (4) Structure of the
ox-PHMcc/sub active site. The Ac-Dil-YG substrate, copper lig-
ands and five key active-site residues are colored by atom type.
Coppers are represented by green spheres, and dotted lines repre-
sent hydrogen bonds and copper ligand bonds. (B) Model of the
DBM active site. The model of DBM with bound dopamine is
shown colored as in (A4). The modeled interactions of dopamine
(manually placed) with key active-site residues are shown. This
figure was made with the program SETOR [167].
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glycine is anchored in place by a salt bridge to R240
(fig. 14A). This arginine is conserved in all PHM se-
quences, but is replaced with glutamine in all DBM
sequences (fig. 6) (Q413 in fig. 14B). Dopamine cannot
interact directly with Q413 in DBM, but another con-
served residue, E268, can form hydrogen bonds with
Q413 and dopamine. The salt bridge formed between
dopamine and E268 in the DBM model is analogous to
the substrate-R240 salt bridge observed in the PHM
structure. The dopamine-E268 interaction may be of
critical importance in DBM because it forms a connec-
tion between the CuA site (nearby H266 is a CuA
ligand) and the substrate dopamine which could act as
a substrate-mediated electron transfer pathway similar
to the one proposed for PHM (see above).

PHM uses N316 to recognize the peptide backbone of
its substrates (fig. 14A). In all DBM sequences, a valine
(V492 in rat DBM) replaces N316, and may form
hydrophobic contacts with the edge of the dopamine
ring, orienting the 3’-hydroxyl to face upwards where it
will interact favorably with solvent (figure 14B). The
active-site tyrosine Y318 (Y494) is conserved in all
PHM and DBM sequences. It forms a hydrogen bond
with the substrate glycine in PHM and may form a
hydrogen bond with dopamine as shown in fig. 14B. In
addition, Y494 may help to bind dopamine by forming
a hydrogen bond with the z-cloud of the dopamine
ring. It is not clear why this tyrosine is so well con-
served, since substitution to phenylalanine through site-
directed mutagenesis in rat PHM yields an active
enzyme with little effect on V,,,, and only a sevenfold
increase in the K, of PHM for peptidylglycine substrate
[123].

Rat PHM preferentially binds peptides with a hydro-
phobic amino acid in the penultimate position (preced-
ing the glycine). In the PHM/substrate structure, L206
interacts with the side chain in the penultimate position
(ditodo-tyrosine), and may be a factor in the substrate
preference of PHM (figure 14A). In all DBM sequences,
a glutamate (E369) replaces L206, and may form a
hydrogen bond with the 4’-hydroxyl of dopamine, help-
ing to specifically recognize 4'-hydroxybenzyl com-
pounds such as dopamine and tyramine. Interestingly,
L206 is the only residue in fig. 14A that is not conserved
in all PHM sequences. Lymnaea PAM contains four
tandem PHM enzymes that differ in their substrate
specificity [126]. The four Lymnaea PHM enzymes have
leucine, isoleucine and phenylalanine in this position,
perhaps to optimize the binding of different substrates.
Interestingly, the Lymnaea PHM enzyme that has a
leucine in this position is most similar to rat PHM in its
substrate specificity [126]. Similar modeling of human
MOX suggests that MOX is not likely to accommodate
either PHM or DBM substrates. In MOX, the positions
of the PHM R240 and the DBM E268 are occupied by
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leucines, removing the possibility that the residues at
these positions may form a salt bridge with the sub-
strate. DBM residues V492 and E369 are similar to the
leucine and glutamate found in these positions in MOX,
perhaps indicating that the MOX substrate contains a
moiety similar to the dopamine ring. The conserved
tyrosine seen in PHM (Y318) and DBM (Y494) is also
conserved in MOX.

Summary and conclusions

Carboxy-terminal o-amidation is a widespread post-
translational modification of peptide hormones, growth
factors and neurotransmitters. Activation of peptides
that require amidation for full biological activity can be
specifically regulated through this process. Two charac-
teristics of the amidation reaction contribute to this
additional level of regulatory control. First, the enzyme
that catalyzes the amidation reaction (PAM) is subject
to tissue-specific and developmentally regulated splicing
and expression. Second, the chemistry used for the
amidation reaction is distinct from the transamidations
used in the formation of other biological amides and is
therefore completely dependent on PAM activity. Stud-
ies on the regulation of PAM and on the mechanisms of
the two sequential reactions catalyzed by PAM are
beginning to provide some clues to this important pro-
cess. The first reaction, the stereospecific «-hydroxyla-
tion of the peptide’s glycyl extension carried out by
PHM, is a particularly interesting reaction, and our
structural and mechanistic studies will impact several
areas of research. Notably, the reaction involves elec-
tron transfer between two distant copper ions and may
provide the first example of a substrate-mediated elec-
tron-transfer pathway.
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