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ABSTRACT
Research spurred by the discovery of pyrroloquinoline quinone (PPQ) in 1979 led
to the discovery of four additional oxidation-reduction (redox) cofactors, all of
which result from transmogrification of amino acyl side chains in respective en-
zymes. These cofactors aey{opa quinone in copper-containing amine oxidases,
enzymes found in nearly all forms of life, including humay;l¢syl topa quinone
ofthe copper protein lysyl oxidase, an enzyme required for proper cross-linking of
collagen and elasting) tryptophan tryptophylquinone of alkylamine dehydroge-
nases from gram-negative soil bacteria; ashpithe copper-complexed cysteinyl-
tyrosyl radical of fungal galactose oxidase. Originally, PQQ was thought to be
a covalently bound cofactor in numerous enzymes from eukaryotes and prokary-
otes. Today, PQQ is only found as a noncovalent cofactor in bacterial enzymes.
The ubiquity of PQQ in the environment and its ready accessibility in the human
diet has raised questions concerning its role as a vitamin, or an essential or help-
ful nutrient. The relevance to nutrition, medicine, and pharmacology of PQQ,
topa quinone, lysyl topa quinone, tryptophan trytophylquinone, the galactose ox-
idase cofactor, and the enzymes harboring these cofactors are discussed in this
review.
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INTRODUCTION

The discovery of a new enzyme cofactor (coenzyme) usually creates a fair
amount of excitement and interest among biochemists and nutritionists. Be-
cause many cofactors are required nutrients (vitamins) for humans [e.g. ascorbic
acid (vitamin C), riboflavin (vitamin B, pyridoxal (vitamin B)], specula-

tion abounds that the new coenzyme might also fit this bill. This was the case
following the 1979 (179) report of the discovery of pyrroloquinonoline quinone
(PQQ) (4,5-dihydro-4,5-dioxoH-pyrrolo[2,3f]quinoline-2,7,9-tricarboxylic

acid, originally called methoxatin) (Figure 1) as the oxidation-reduction (redox)
cofactor of an NAD(P)H-independent primary alcohol dehydrogenase from
the methylotrophic bacteriunP,seudomona$P1. By the mid-1980s, interest
peaked after publication of studies purporting to prove that PQQ was the cova-
lently bound cofactor in numerous enzymes of bacteria and higher organisms,
including humans (see Table 2 in Reference 143). Although scientists outside
the field believed these assertions, many familiar with the various enzymes re-
mained skeptical. There was little or no preceding evidence that these enzymes
contained this type of redox coenzyme. To challenge the published, entrenched
notions, incontrovertible evidence to the contrary was required. Because of
meticulous work in several laboratories, the requisite evidence materialized. It
is now recognized that the proofs of the presence of covalently bound PQQ, or
a derivative thereof, were weak and circumstantial and that not a single enzyme
from any source harbors covalently bound PQQ. However, several bacterial en-
zymes use noncovalently bound PQQ as an essential redox cofactor (see Table 1
in Reference 143). Significantly, the ensuing research established the unam-
biguous structures of several new cofactors: topa quinone (TPQ, also known
as 6-hydroxydopa quinone) (93, 113, 206) in copper-containing amine oxidases
from mammals, gram-positive and gram-negative bacteria, yeast, fungi, plants,
fish, mollusks, etc (145); lysine tyrosylquinone (LTQ) (227) in lysyl oxidase
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peptide
2,7,9-Tricarboxy-1H -pyrrolo-
[2,3-f ]-quinoline-4,5-dione = 2',4-Bitryptophan-6,7-dione =
Pyrroloquinoline Quinone (PQQ) Tryptophan Tryptophylquinone (TTQ)

Cu(Il) @
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Figure 1 The structures of recently discovered redox cofactors that are derived, more or less, in a
direct manner from amino acyl groups in peptides. Systematic names are provided, as are common
acronyms. ¢ircles) The three-letter abbreviations for the amino acyl functionalities from which

the cofactors originated. Note that PQQ is only known to bind to enzymes noncovalently, whereas
the other cofactors are covalently tethered to the polypeptide backbone. The displayed Cu(ll) in
the amine oxidases is known to be in close proximity to TPQ from X-ray structures (117, 165, 232).

It is assumed that the copper in lysyl oxidase is close to LTQ.
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isolated from mammalian collagen and elastin; trytophan tryptophylquinone
(TTQ) (146) from NAD(P)H-independent alkylamine dehydrogenases from
gram-negative bacteria; and the copper-complexed cysteinyl-tyrosine (CT) co-
factor of fungal galactose oxidase (90) (see Figure 1 for the structures of these
cofactors). It is not within the scope of this review to provide either details of
the cofactor isolations and structural analyses or an extensive history; for these,
the reader is referred to other reviews (17,57, 78,113, 114, 143-145, 206).

Like PQQ, the cofactors TPQ, LTQ, and TTQ are quinones; thus, all four
share some common properties, including similar chemistries and biochem-
istries. For example, all four are used by enzymes that oxidize amines. Ad-
ditionally, these quino-cofactors and the CT cofactor of galactose oxidase are
derived, in a more-or-less direct manner, from amino acyl groups. Protein-
free PQQ is produced in certain gram-positive bacteria in a multistep process
involving the condensation of glutamate and tyrosine (86), which are possi-
bly constituents of a precursor peptide of 23—29 amino acyl residues (70-72,
196, 207,225). The genes for biosynthesis of PQQ have been cloned from
several organisms (see 196 and references therein). It appears that at least
seven genes are required because seven gene complementation groups have
been identified. The genes are gathered in two separate clustersiatthe
lobacterium extorquendM1 genome (207). In accord with a new nomen-
clature, these clusters goggABCDEandpqqFG(see 207 for nomenclature).
PggAcodes for the putative pre-PQQ peptideqqF andpggGseem to code
for endoproteases, which, hypothetically, are involved in processing the PqqA
peptide during its transformation to PQQ (196pqqQD codes for an @
and NAD(P)H-requiring enzyme. WhemgQD is mutated inM. extorquens
AM1, a PQQ precursor accumulates in the cell and the growth medium. The
exact functions of the othgrgggenes have yet to be elucidated. One of these
unidentified geneqqE codes for a protein with some similarity to Cnx2 of
Arabidopsis thaliang83), MoaA of Arthrobacter nicotinovorang151) and
Escherichia coliand NifB of Enterobacter agglomerarendKlebsiella pneu-
moniae(207). MoaA and Cnx2 are involved in molybdopterin biosynthesis,
and NifB is involved in the biosynthesis of cofactors in nitrogenase. PqqE,
MoaA, and NifB all have a CxxxCxYC sequence near the N termini.

TPQ is produced in a self-catalytic process from a specific Tyr residue of
the apo-amine oxidase. This process requires enzyme-coordinated copper and
0, (38,158,178, 206). The copper is also required for oxidation of alkylamine
substrates in the fully formed oxidases; TPQ is reduced by two electrons from
the substrate, and the electrons are then transferred to the copper site, where
O, is reduced to KO, (113). Although no evidence exists, it is assumed that
LTQ in copper-containing lysyl oxidase is formed in a fashion similar to that
formed from a Tyr residue: TPQ is formed and then the quinonoid carbonyl C-2
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is attacked by the-amino group of a lysyl residue, forming the cross-linked
imino adduct (113,227). Because the copper bound in galactose oxidase is
coordinated to the tyrosyl moiety of the cross-linked Cys-Tyr cofactor (90), it
might be predicted that copper is also involved in a analogous self-catalytic
cross-linking of the appropriate Cys and Tyr side groups.

TTQ biosynthesis likely requires external enzymes because amine dehydro-
genases do not contain metal ions. It has been hypothesized that the first of the
two pre-cofactor Trp residues in the sequence of the small subunit of the de-
hydrogenases is converted to a trptophylquinone in an extra-enzymic process.
This could be followed by an enzyme-mediated or a self-catalytic cross-linking
with the partner Trp in the sequence (146). Methylamine-utilizimgy gene
clusters have been isolated and sequenced from several methylotrophic bac-
teria (43, 124, 224). Studies of these clusters indicated that at least 12 genes
are involved in methylamine utilization. The cluster contains the genes for the
large (~45 kDa) and small{15 kDa) subunitsrthauBandmauA respectively)
of methylamine dehydrogenase (MADH). Several of the clusters harbor the
gene for amicyanin, an in vivo electron acceptor for MADH.Raracoccus
denitrificans the cluster is under the control of a LyrR-type transcription factor
(224). Although the function of the proteins encoded by other open reading
frames are unknownmauGcodes for a protein that has a translated amino
acid sequence similar to a diheme cytochrarperoxidase fronPseudomonas
aeruginosa43, 63, 176). It has been suggested that the peroxidase is involved
at some stage in the transformation of Trp to tryptophylquinone and possibly
in the tryptophylquinone/Trp cross-linking process.

PQQ, TPQ, LTQ, TTQ, OR CT, ESSENTIAL NUTRIENTS
OR VITAMINS FOR HUMANS?

TTQ, Tryptophan Tyrptophylquinone of Bacterial Amine
Dehydrogenases, and CT, the Cysteinyl-Tyrosine Cofactor

of Galactose Oxidase

An obvious fundamental requirement of a vitamin is that it be widely distributed
inand easily accessible from foods. TTQ and CT fail to meet this criterion. Both
are produced in situ as integral components of a limited number of enzymes
from small groups of organisms. TTQ is found in alkylamine dehydrogenases
from soil bacteria (17), and CT exists in galactose oxidase from a few fungi
(e.g.Dactylium dendroideandFusariumspp.) and possibly in glyoxal oxidase
from the fungud”hanerochaete chrysosporiui2i31). It is not anticipated that

the range of organisms capable of manufacturing enzymes with these prosthetic
groups will grow significantly. Additionally, the only way these cofactors can
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be released from their parent proteins is by extensive proteolysis, and they would
be released as amino acyl derivatives. Even if these freed cofactors found their
way into the human body, there is no known mechanism to incorporate such
modified amino acids into nascent polypeptides, although one could fantasize
that the amino-acy! derivatives could bind noncovalently to an apo-protein. If
human enzymes do contain these cofactors, it is more likely that they are also
made in situ. At present, we are led to believe that the availability/accessibility
of external TTQ or CT would be so restricted as to have little or no significance
for the well-being of humans.

TPQ, Topaquinone of Copper-Containing Amine Oxidases

TPQ is found in copper-containing amine oxidases, quite likely from almost
every form of life. Diamine oxidase (DAO, also known as histaminase) has
been identified in various human tissues and fluids (145), including decidua,
endometrium (84), placenta (87, 125, 153,162, 241), amniotic fluid (21, 208),
pregnancy plasma (65, 209), seminal plasma (85), macrophages (184), intestine
(183), lung mast cells (58), kidney (162, 177, 203), endothelial cells, fibroblasts
(20), spleen, liver, eosinophil and neutrophil granulocytes, lymph, urine (21),
and tumors (125,171). Other than in pregnant women, the highest levels of
DAO are found in the intestines. This enzyme preferentially oxidizes histamine
and the diamine putrescine, although it can oxidize the polyamines, spermine
and spermidine, and thei-acetylated derivatives. The reader is directed else-
where for aspects of DAO as it relates to inflammation, allergy, ischemia (in its
role as histaminase), tissue differentiation, cellular proliferation, cancer, wound
healing, catabolism of potentially toxic amine either ingested or produced by
enteric bacteria (4, 48, 235), and possibly programmed cell death (apoptosis) by
generation of toxic amounts of,8, via polyamine oxidation (164, 172). The
oxidation of histamine, and presumably the levels of histaminase, is signifi-
cantly decreased in vernal keratoconjunctivitis (1). The gene for human kidney
DAO was originally identified as the gene for an amiloride-binding protein
(155, 162). The gene maps to human chromosome position 7934-q36 (22).

In contrast, the roles of the copper-containing monoamine oxidases (MAQO) in
humans are speculative. Studies of these oxidases are not aided by the confusing
nomenclature. Copper-containing amine oxidases can go by the names plasma
amine oxidase (PAQO), serum amine oxidase, benzylamine oxidase (because this
amine is a good substrate even though it is not naturally occurring), clorgyline-
resistant amine oxidase (clorgyline is an inhibitor of the flavin-containing mi-
tochondrial MAO), MAO, plasma MAO, and semicarbazide-sensitive amine
oxidase (SSAQ). To make matters worse, DAO is also semicarbazide sensitive
and can oxidize some monoamines (i.e. benzylamine), and SSAO can oxi-
dize histamine (34). Additionally, the SSAOs are enough different from DAO
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and “soluble” copper amine oxidase that they may not have TPQ. Based on
the stereochemistry of oxidation of various substrates, it was concluded that
SSAOs and lysyl oxidase were mechanistically similar, yet distinct from solu-
ble copper-containing amine oxidases. Additionally, the spectra of derivatives
of the SSAO quinone cofactor differ from corresponding forms of TPQ bound
to native oxidases (163). This suggests that SSAOs have a cofactor related
to—nbut different from—TPQ, as is the case for lysyl oxidase (vide supra).

The most-studied copper-containing MAO is bovine PAO (93,155). Re-
cently, a gene for an enzyme that has approximately 80% identity with the
bovine PAO nucleotide sequence (Figure 2) was isolated from a human pla-
centa cDNA library (242). Because the nucleotide sequence of the placenta
enzyme is identical to a number of human genomic sequence fragments (some
are expressed sequence tags) found in GenBank, it was concluded that the
placenta oxidase gene maps to human chromosome position 17921, the same
region where the familial breast and ovarian cancer gene, BRCA1, maps (242).
The human oxidase may be the one isolated and studied by McEwan over 30
years ago (140,141). Another cDNA was isolated from a human retina li-
brary. It codes for a copper amine oxidase that is similar to the human placenta
(88). By fluorescence in situ hybridization, it was concluded that this gene also
maps to 17g21. As with human mitochondrial MAO-A and -B (these are not
guinoprotein amine oxidases but contain the FAD form of riboflavin, vitamin
B,), both of which map to Xp11.23 (121, 230), perhaps the placenta and retina
oxidase genes also map close together.

Benzylamine oxidase activities were found in the human brain, heart, aorta,
lung, liver, kidney, adrenal gland, digestive tract, and skeletal muscle (123), as
well as in amniotic fluid and pharyngeal aspirate (122). Benzylamine oxidase—
activity staining was found on native electrophoresis gels for apparently soluble
samples from the blood, adrenal gland, spleen, bladder, prostate, lung, liver,
kidney, heart, aorta, and brain of humans (174). However, from the staining
patterns it can be concluded that the tissue enzymes are similar or the same but
that they are different from the plasma enzymes. Confusion enters when it is
realized that DAO can also oxidize benzylamine, albeit poorly. A recent review
makes a clear distinction between soluble PAO and tissue-bound SSAOs (132).
The review also presents a modus operandi: using inhibitors to distinguish
between SSAOs (i.e. copper-containing MAOs), DAO, and flavin-containing
MAO-A and -B.

Membrane-bound SSAQ is found in aorta and blood vessel smooth muscle,
nonvascular smooth muscle of the uterus, ureter and vas deferens, rat white
and brown adipocytes, chondrocytes in rat articular cartilage, and odontoblast
of porcine dental pulp. The microsomes seem to have the largest SSAO ac-
tivity, although low activity is seen in mitochondrial and soluble fractions.
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Interestingly, porcine smooth muscle can secrete a soluble SSAO, and antibod-
ies against porcine PAO recognize some component of pig aorta. Although
highly purified SSAO (PAO?) from several species has been extensively char-
acterized chemically and biochemically, much less is known about the so-called
membrane-bound SSAO. They have a mass of 160-180 kDa and subunit mass
of ~90 kDa and they presumably contain 1 atom of copper and 1 equiva-
lent of a quinone cofactor per subunit, although the presence of copper has
been questioned (132). In 1997, it was reported that a copper amine oxidase
(SSAO?) was purified from rat adipocyte plasma membranes (154)." Enel 3
of its gene was cloned and sequenced, and the translated, partial N-terminal
amino acid sequence shows about 80% identity with bovine PAO and a human
placenta amine oxidase (Figure 2). It was concluded that the first 35 amino
acids of the rat oxidase constitute a transmembrane anchor. Highly similar
N-terminal sequences are seen for the human placenta MAO (242) and the hu-
man retina amine oxidase (88), but the N-terminal sequence of bovine PAO
has what appears to be a “normal” secretory signal sequence (Figure 2). These
observations offer several possibilities. There may be two different, but closely
related, copper MAOs in mammals, one a membrane-bound form (SSAQO?)
and the other a soluble form found in plasma and possibly other tissues and
body fluids. It has been observed that the blood of ruminants, rabbits, dogs,
and cats contains high levels of PAO. However, human, hamster, and mouse
blood contains much less or none, and there does not appear to be PAO in
rat or guinea pig blood (59). Thus, alternatively, some species may contain a
plasma enzyme (and possibly a membrane-bound form), while other species
have only a membrane-bound form. It might be possible that in some species
(e.g. humans), a small amount of the membrane-bound form can find its way
into the blood after cleavage of the membrane anchor. Obviously, more studies
of the type described by Morris et al (154) are required to clarify these issues.
If TPQ exists in enzymes other than the amine oxidases, the expectation
is that in situ biosynthesis occurs. As with TTQ and CT, release of TPQ can
occur only on extensive proteolysis of an oxidase. It is advantageous that
TPQ is made in situ in the amine oxidases because free TPQ is reactive and a
known neurotoxin (93). Although it is clear that these copper amine oxidases
are necessary for human well-being, TPQ itself, arising from the transforma-
tion of a specific tyrosyl residue in each protein molecule, has no nutritional
value. However, a copper deficiency would have a devastating effect because
copper is essential for biosynthesis of TPQ in the oxidases. X-linked, reces-
sive, human Menkes syndrome can be a lethal disorder, which is thought to
be caused by defects in intestinal mucosa copper transport. This results in de-
creased serum copper and ceruloplasmin. It was suggested that an altered gene
for a copper-transporting ATPase results in Menkes syndrome (210, 226). The
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manifestations of the syndrome include hypopigmentation, growth failure,
skeletal defects, hypothermia, progressive degeneration of the central nervous
system, arterial aneurysms, death in early childhood, cerebellar degeneration,
mental retardation, steely short hair, bladder diverticula, and several connective
tissue defects (64, 106, 210). X-linked cutis laxa (also known as occipital horn
syndrome and Ehlers-Danlos syndrome) is another disorder related to copper
metabolism that displays bladder diverticula, slight skin laxity and hyperex-
tensibility, skeletal changes, and occipital horn-like exostose. Patients with
Menkes or cutis laxa were shown to have significantly elevated levels of cop-
per in fibroblasts cells due to copper’s sequestration by supposedly abnormal
metallothionein, and the cells had very low lysyl oxidase activity (148, 149). It
has been proposed that the metallothionein gene or a P-type ATPase gene maps
to chromosome position Xg12-q13.3 (210). Some of the manifestations of the
disease may be a result of increased levels of protein-frée, Zvhich would
normally be bound to metallothionein but is prevented from binding by bound
Cu**. Although the copper quinoprotein lysyl oxidase is usually implicated in
these syndromes, it may be that some of the effects result from lowered levels
of competent copper amine oxidases, such as PAO, DAO, and SSAO.

LTQ, Lysyl Topaquinone of Lysyl Oxidase
To date, the quinone cofactor LTQ is only found in lysyl oxidase (LO), an
enzyme necessary for cross-linking in collagen and elastin. The enzyme is inti-
mately associated with the connective tissue and, thus, difficult to purify. Pure
LO has been obtained from human placenta, chick cartilage, rat skin, piglet
skin, and bovine lung and aorta (99). LO is a copper-containing amine oxidase,
but there is little amino acid sequence or structural similarities with the amine
oxidases PAO, DAO, and SSAO. LO is a single-subunit oxidase of molecu-
lar weight 28—-32, and the prepro-LO has a molecular weight of 48 (74, 107).
Even though LTQ is related to TPQ, LO does not have the pre-cofactor tyro-
syl consensus (recognition) amino acid sequence found in all TPQ-containing
amine oxidases. Apparently, unprocessed pro-LO can bind copper, and copper
incorporation does not require prior glycosylation of the oxidase (116).
ThelLO structural gene maps to human chromosome position 5923 (77, 135).
TheLO gene has been identified as a tumor-suppressor gene (antioncogene of
ras), rrg (rasrecision gene) (74, 107). The gene has an INF regulatory factor
(IRF)-E transcription regulatory element (TTAAAGTGAAAC), and binding of
IRF-1 to this sequence results in transcription of tli&gene. IRF-1 has an
antioncogenic function in NIH3T3 cells: It suppresses cell transformation by
c-mycand fosB In addition, the cHaas oncogene is expressed IRF-1-
deficient cellsIRF-1maps to chromosome 5g31.1, close to wheré thgene
maps (see 205). Expressiorl@d cDNA in ras-expressing embryonic fibroblast



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only

NEW REDOX COFACTORS 155

cell suppresses the mutationliFR-1. It was proposed that regulation of the
LO gene is involved in the process of malignant cell transformation (74, 205).

A gene has been cloned from human skin fibroblast that has an exon-intron
structure, an exon sequence homology, and a tissue-specific expression similar
to that of human LO (74, 107). The gene for this LO-like protein (25 kb) is
considerably larger than that for LO (14 kb). The deduced amino acid sequences
of the two genes are most similar in the last 200 residues of the C termini,
which correspond to exons 2—6 of the genes of both proteins. This regions
contains the Tyr and Lys residues of the LTQ cofactor. The domains around
these two residues are nearly identical (110, 227), and a putative copper-binding
domain is identical for LO and the LO-like proteins. Exon 1 of LO codes for a
signal sequence, a propeptide sequence, and the first residues of the functional
oxidase. The LO-like protein has potential signhal sequences at the beginning
of the putative coding sequence. However, cleavage at putative endopeptidase
cleavage sites between Arg residues would produce mature proteins of 49, 48, or
31 kDa. Itis possible that there are multiple forms of LO with slightly different
activities or functions. However, different secretory and propeptide sequences
may be involved in regulating secretion of the two proteins. A human gene that
is identical or similar to the LO-like gene was mapped to chromosome position
15g24-g25 (108).

A lowered level of LO is responsible for many of the manifestations of
Menkes syndrome and cutis laxa (vide supra). The LO mRNA is lower in cul-
tured skin fibroblasts cell from Menkes and cutis laxa patients, thus the lowered
LO activity is, in part, due to pretranslational control (106). Elevated levels of
LO are associated with fibrotic diseases such as atherosclerosis, hypertension,
and liver and pulmonary diseases (99, 227).

From the preceding paragraphs, it is obvious that normal levels of a properly
functioning LO are important to human health. However, as with TTQ, CT,
and TPQ, the protein-free cofactor of LO, LTQ, is of little nutritional value.

It is made, in place, from unique Tyr and Lys residues of the polypeptide and
would be released from LO on extensive proteolysis. Again, if TPQ exists in
enzymes other than LO, or LO-like proteins, it will also be created in situ.

PQQ of Bacterial Dehydrogenases

PQQ is found only in bacterial oxidoreductase and only as a noncovalently
bound cofactor, although a great deal of work has been done to prove other-
wise (57,78,114, 143, 144). This might lead one to believe that PQQ has no
nutritional value for humans. Although it is possible PQQ-requiring enzymes
exist in humans, for now PQQ cannot be considered an essential nutrient from
the standpoint of a coenzyme. However, being readily available in the diet,
and because it has redox properties, it may be an important dietary supplement,
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akin to other antioxidant factors (see below). For example, there are substances
that are important or essential to human health but that so far have not been
shown to be cofactors in enzymes. Among these are vitamin E (tocopherols),
some carotenoids (139), flavinoids, and plant phenolics [including resveratrol
(3,5,4-trihydroxy-rans-stibene)] (75, 94, 185).

Enzymes containing PQQ as a noncovalently bound cofactor (see Table 1
in 143) are manufactured, often in large quantities, in a variety of microor-
ganisms, including some found in soil, some involved in fermentation, some
found in the digestive tract, and some pathogens (AaptobacterAcineto-
bacter, ComamonagsE. coli, Gluconobacter Hyphomicrobium Methylobac-
terium, Methylophilus Norcardia, Pseudomonadssalmonella Serratia and
Zymomonas(17,57,136, 143, 144, 221). Not only is PQQ sequestered in var-
ious proteins, the following soil bacteria excrete PQQ into the media when
grown in the laboratory (7,9, 10, 147,212,213, 216, 221) (values in parenthe-
sis are the largest levels detectefiretobacter ace(ilO ng/liter); Acetobacter
calcoaceticug66 ng/liter); AchromobacterAlteromonas thalassomethanolice
(6.6 mgl/liter); Ancylobacter aquaticugl mg/liter); HyphomicrobiunX (1.98
mg/liter); Hyphomicrobium methylovorumkK0441 (1 g/liter);Methanomonas
Methylobacterium organophilutX (2.64 mg/liter); Methylobacillus Methy-
lomonas Methylophilus methylotrophu#/3A1 (1.25 mag/liter);Microcyclus
Mycoplana Norcardia sp. strain 239 (1.98 mg/liter)Paracoccus denitrifi-
cans(0.325 mg/liter);Protaminobacter Protomonas PseudomonaB2-3 (40
mg/liter); Pseudomonasp. strain BB1 (1.32 mg/literPseudomonas aerugi-
nosa(0.99 mg/liter);Pseudomonas stuzefd.3 mg/liter);Pseudomonas putida
biovar B (1.98 mg/liter)Thiobacillus versutugl.98 mg/liter); andKanthobac-
ter. Many of the references describe conditions that increase the yield of ex-
creted PQQ. All these organisms produce PQQ-containing proteins. However,
some microorganisms make apo-PQQ forms, e.g. some straifiscofi and
Acinetobacter Iwoffi221, 223) Pseudomonas aeruginogz?3),Pseudomonas
testosteroni Agrobacteriumspp. (221),Rhizobium meliloti Bradyrhizobium
japonicum(29). It is likely that these organisms import PQQ that is excreted
by symbionts, or by other enteric bacteria (&¢ebsiella pneumonigg225)
or ingested food, as in the casemfcoli. In fact, it has been shown that PQQ
has growth-stimulating properties for some microorganisms in culture. Some
organisms for which growth improves afe aceti(10, 12, 13);Acetobacter
rancens Awarori yeast;Saccharomyces cerevisi@e2, 13);Pseudomonasp.
VM15C [PQQ is an essential growth factor for this organism (186)}-
conobacter oxydang-O 3287 (8);Agrobacterium radiobacte126); E. coli
(57, 223); andComomonas testosterofti7, 73). PQQ is a chemotatic attrac-
tant forE. coli (52), R. meliloti andB. japonicum(29). Some strains d&. coli
produce apo-glucose dehydrogenase (GDH) because of a defect in a gene for



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only

NEW REDOX COFACTORS 157

PQQ biosynthesis. In a glucose-containing medium, the bacteria grow slowly,
but eventually fast-growing mutants arise that can produce PQQ for the apo-
glucose dehydrogenase (28). Cloning a specific gene Enminia herbicola

into E. coli presumably leads to the production of PQQ in the later organism
(127). Additionally,pqqEand pggF cloned fromE. coli complement PQQ-
biosynthesis mutants &. organophilum(211). K. pneumoniadas six genes
involved in PQQ biosynthesis, and it produces holo-GDH. In order to activate
its apo-GDH and to allow the organism to excrete PQQ into the media, all six
genes were required to produce enough PQQ in a strakh obli unable to
manufacture this cofactor (225). Clonirg calcaoaceticugenes for PQQ
biosynthesis into PQQ-minu&. coli allowed the latter to produce the cofactor
and increased production of GDH (194).

THE CASE FOR PQQ AS AN ESSENTIAL NUTRIENT

That PQQ is a growth factor or essential nutrient for microorganisms is obvious
from the above discussion. However, if PQQ is absolutely required for humans,
or at least improves health, it must be biosynthesized or easily acquired. To
date, there is no evidence to indicate that this quinone is manufactured in our
bodies. However, acquisition may occur via enteric bacteria that manufacture
oxidoreductases using PQQ as a cofactor. As the bacteria die and lyse in the
digestive tract, these enzymes are hydrolyzed, releasing PQQ. Further, some
species oEnterobacteriaceaee.g.E. coliandKlebsiella aerogene&. pneu-
moniag (225), or other intestinal bacteria may excrete PQQ for absorption
through the intestinal mucosa and lumen (54). In some studies, it was con-
cluded that the intestinal flora provided little PQQ and that it would need to be
made in situ or ingested with food (191, 192).

Although it is not known if plants can biosynthesize PQQ, PQQ excreted
by soil bacteria (vide supra) could be absorbed by plant roots. PQQ has been
shown to stimulate pollen germination for plant spediésum, Tulipa, and
Camellia(236, 237), and it has been identified in various pistal tissues (237).
In addition, PQQ was reported to stimulate the growth of microbial, plant, and
animal cells in culture (8). Plant materials are ingested by various animals that
provide meat or dairy products for humans. PQQ may be consumed directly
from vegetables, fruits, and nuts. In 1985 (14) it was reported that many plant
and animal extracts contained PQQ (liver, meat, tomato, tea, carrot, sweet
potato, malt extracts, rumen, cane molasses, and corn meal), and supposedly,
PQQ from these sources stimulated microorganism growth. Since this report,
several groups have reported PQQ in other food, in human and mammalian
tissues, in cells and fluids, and in urine and fecal matter (27, 109, 118-120, 167—
169, 202). It was demonstrated that radio-labeled PQQ was rapidly absorbed
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in the intestines of mice and that most was excreted by the kidney within 24 h.
Most of the retained PQQ was localized in the kidney and skin, and most of
the PQQ in blood was associated with cells, not plasma (193). It was found,
however, that PQQ binds tightly to human serum albumin (3, 217).

Several methods have been used to detect PQQ in biological samples. One
of the earliest was a direct reverse-phase chromatographic comparison with au-
thentic PQQ (14, 219) that was purified from bacterial growth media (vide supra)
(217), synthesized (188 and references therein, 217), or obtained commercially.
This method has also been used after stable derivatization of PQQ (219). [Note:
A variety of PQQ analogs have been obtained (91, 138,161, 190, 243, 244), in-
cluding isotopically labeled forms of PQQ (6, 86,97,193)]. Other methods
for PQQ analysis and detection are as followsy: ¢hromatographic isolation,
which is followed by fluorescence measurement (202, 217, 280gxraction,
derivatization, and mass spectral or gas chromatographic/mass spectral analysis
(36, 118-120);4) reconstitution of PQQ-dependent apo-enzymes (2, 11, 217);
and @) redox-cycling assay (62). The last method works particularly well
as a denaturing-electrophoresis-gel-staining method for protein containing the
covalently bound quinone cofactors TPQ, LTQ, and TTQ. This procedure has
been severely criticized because, supposedly, ascorbate and riboflavin (vitamin
B,) will also test positive (62,166, 218).

Other problems are associated with detecting and accurately measuring the
levels of PQQ in biological samples. Being a quinone with a redox potential
of about 80 mV (normal hydrogen electrode) at pH 7.0, PQQ is electrophilic
(143,144). Thus, it can react with other (nucleophilic) components of the
various samples. PQQ is attacked at its 5-position (sometime with the in-
tervention of metal ions such as €\ by water, alcohols, ammonia, alkyl-
and arylamines, diamines, phenylenediamine, 2,3-diaminenaphthalene, amino
acids, acetone, aminoguidine, urea, cyanide, sulfite, thiols, nitroalkanes, di-
hydronicotine analogs (hydride attack), borate, and carbonyl reagents such as
alkyl-and phenylhydrazines, semicarbazide, and 3-methyl-2-benzothiazolinone
hydrazone (143 and references therein). PQQ reacts with amino acids to pro-
duce oxazole derivatives (220, 222) or imidazolopyrroloquinoline derivatives
from the reaction with tryptophan, glycine, tyrosine, and serine (105, 214).
These adducts could inhibit or prevent PQQ from reacting with detection
reagents (56, 66, 69, 220). PQQ also undergoes acid-promoted tautomeric lac-
tonization (67). PQQ binds tenaciously to laboratory glassware and equip-
ment. Thus, contamination from bacteria, or from pure PQQ used in research,
could cause problems in assaying for PQQ in biological samples. Additionally,
it is difficult to eliminate PQQ from the liquid-based diets of experimental
animals because solutions contain low levels of the cofactor, and there are
even trace amounts in domestic water (109). It is recommended that glass-
ware be baked at 56Q for 12 h prior to use and that aqueous solutions be
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treated with AmberlystA21 (50-100um, p.A. form, SERVA, Heidelberg,
Germany), which tightly binds PQQ (220). With these caveats, many claims
concerning PQQ contents and levels in biological samples should be cautiously
considered.

Perhaps the mostimportantinvestigations into the nutritional benefits of PQQ
have been done by Killgore et al (109), Smidt et al (191-193), and Steinberg
etal (197). When PQQ was rigorously excluded from chemically defined diets,
there were significant effects in mice. When PQQ was included in the diet, or
when it was detected as a dietary contaminant or in fecal matter (because of
developed resistance to an antibiotic in the diet), the mice grew normally. Some
of the manifestations of PQQ-deprived mice were friable skin, mild alopecia,
diverticula, and hunched posture. Of 40 PQQ-deprived mice, 8 died (aortic
aneurysm, abnormal hemorrhage, etc) by week 8 of deprivation. Only 1 of 33
PQQ-supplemented animals died during the entire experiment. For bred, young,
PQQ-deprived female mice, there were either no litters or pups were cannibal-
ized at birth. For normal mice, 90% of pups were weaned successfully. Most
striking in the deprived mice was the friable skin, suggesting a decreased matu-
ration or deposition of skin collagen. Collagen extracted from the skin of these
mice was twice that extracted from supplemented mice. This suggests a lower
amount of collagen cross-linking in the PQQ-deprived animals. If PQQ is bio-
synthesized by mice, it obviously is not done at a level to prevent abnormal
development of the study animals. When these findings were reported in 1989
(109), it was reasonably assumed that lysyl oxidase (LO) contained covalently
bound PQQ or a derivative thereof. It was natural to conclude that at least some
of the manifestations of PQQ deprivation were due to lowered amounts of active
LO. Today, we know that PQQ is not the redox cofactor of LO (vide supra). A
direct role of PQQ in connective tissue maturation has been suggested (vide
infra) (186).

In an extension of the dietary studies, it was found tBaRQQ improves
reproductive performance and neonatal growth for BALB/c mitg,RQQ
affects cell response to concanavalin A and lipopolysaccharides in spleen cells,
and €) interleukin 2 levels were lower in mice fed a PQQ-deficient diet at a
time when T-cells proliferate in neonates (197).

POSSIBLE MOLECULAR BASES FOR PROPOSED
PHYSIOLOGICAL FUNCTIONS OF PQQ

Because of its redox properties, it has been suggested that PQQ has in vivo
antioxidant properties and perhaps is involved in oxidative stress in biological
tissues (68). For example, PQQ would react with two molecules of superox-
ide to produce two molecules of,@nd reduced PQQ (PQQ} then PQQH

would react with Qto form PQQ and KO, (92, 200). In addition to scavenging
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superoxide, PQQ could also scavenge other toxic free radicals, as does vitamin
E, B-carotene and carotenoids, vitamin C, flavinoids, conjugated linoleic acid,
carnosine, anserine, and phenolic compounds (75). The latter three (along with
PQQ) have been called nonessential dietary antioxidants (50). Many phenolic
compounds exhibit anticarcinogenic activity (50, 175, 229). Included in this
class is newly discovered resveratrol, a phytoalexin found in grapes and other
foods (94).

More recently, it was reported that PQQ radical (PQYahd PQQH might
be involved in a dynamic equilibrium between &nd superoxide. The reac-
tion is pushed from @to superoxide by the presence of large amounts of PQQ
reductants [e.g. primary alkylamines, thiols, catechols, catecholamine, ascor-
bic acid, NAD(P)H, etc], high levels of Qsuperoxide-oxidizing materials, or
superoxide dismutase (167). The equilibrium is probably also affected by pH
and the presence of metal ions, such a$Cwhich is known to complex with
PQQ and change its physical, chemical, and redox properties (100, 204). PQQ
in the presence of NADH and Cu(ll) induced damage to DNA (81). Interest-
ingly, free PQQ, C&, and Q oxidize lysyl groups of elastin and collagen in
much the same way as LO (186). Is it possible that PQQ aidl @Gamplement
cross-linking by LO in these connective tissues? If so, th& @eficiencies of
Menkes and other syndromes would not only affect LO, they would also affect
this hypothetical PQQ/Cii/O, reaction.

PQQ has been found in guinea pig neutrophils. It has been hypothesized that
PQQ s involved in the respiratory burst in these cells and in eosinophils, mono-
cytes, and macrophages (27) and that it is involved in superoxide removal in red
blood cells. PQQ protects against glutathione depletion and cataract develop-
ment in chicken embryos that have been oxidatively stressed by administration
of glucocorticoid (61, 160).

PQQ is efficiently reduced by a rabbit erythrocyte flavin reductase. The
PQQH, thus formed quickly reduce the higher oxidation states of myoglobin.
The reductase is also found in liver and heart and is believed to protect isolated
rabbit and rat hearts from reoxygenation injury (238).

PQQ seems to have antitoxin activity. It protects cultured rat cortical neurons
from the excitoxicity ofN-methylD-aspartate (NMDA, a glutamate-receptor
agonist) by oxidizing the NMDA receptor redox-modulatory site (5). It was
proposed that PQQ inhibits the glutamate-induced free radical-generating re-
sponse, not by scavenging reactive oxygens species but by oxidizing the NMDA
receptor redox center (181). PQQ protects animals from the toxic affects of
adriamycin, and it is a neuroprotector in rats with hypoxic/ishemic brain injury
(95). (For a more detailed discussion of these issues and other speculations on
the human benefits of PQQ, see 44, 61, 167). PQQ inhibits carrageenin-induced
rat-paw edema (76) and seems to lower blood and liver acetaldehyde (but not
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ethanol) levels after ethanol loading in rats (82). In addition, high levels of
PQQ inhibits glucose-dependent insulin release from cultured mouse pancre-
atic cells (142). PQQ also protects against hepatotoxin-induced liver damage
in rats (228). PQQ significantly enhances DNA synthesis in human fibro-
blasts; PQQ-glycine oxazole, however, had no such effect (156). It was re-
cently reported that imidazopyrroloquinoline (the adduct formed by the reac-
tion of amino acids and PQQ) (105, 214) and derivatives are potent inhibitors
of rabbit lens and dog kidney aldose reductases (215).

PQQ was shown to inhibit melanogenesis induced-myelanocyte stimulat-
ing hormone (MSH) in murine B16 melanoma cells (115). It appears that PQQ
inhibits MSH-induced tyrosinase activity by reducing the levels of tyrosinase
MRNA in the cells, whereas PQQ has no effect on MSH-induced cyGhe 3
AMP production. It was hypothesized that PQQ scavenges a reactive oxygen
species, which is involved in regulating the mRNA expression.

With all this information, the question lingers as to whether PQQ is an essen-
tial nutrient, a beneficial nutrient, or a therapeutic agent (44). PQQ is not known
to be a redox cofactor in any human enzyme, although this does not mean that
such enzymes do not exist. The functions of PQQ enumerated in the preceding
paragraphs could possibly be carried out by other compounds, particularly those
with similar physical and chemical properties (e.g. redox properties, highly neg-
atively charged, aromatic, etc), for example, phenolic compounds linoleic acid,
carnosine, PQQ isoters and isomers (142), other quinonoid compounds (68),
vitamin C and E, etc (75, 192). It has been pointed out that there is an extensive
literature on the benefits of cathetins and bioflavinoids on the maturation of con-
nective tissue (192). Additionally, the exact molecular mechanisms of action
of PQQ, in almost every case cited, are hypothetical, vague, or unknown. On
the other hand, it seems hard to believe that PQQ does not have some specific,
essential function. Take the results of the mice fed PQQ-minus diets (109).
Any other naturally occurring, common substance that could prevent the effect
seen with these so-called PQQ-deficient mice would not be manufactured by
the animals (at least at levels to prevent the observed problems), and they, too,
would have been unknowingly excluded from the PPQ-minus diet. Because it
is extremely difficult to keep PQQ out of consumables, itis reasonable to expect
the same of other similar substances. After all, if these were hard to come by,
all the mice (and humans) would suffer.

MEDICAL, PHARMACOLOGICAL, AND OTHER
USES FOR QUINOPROTEINS AND PQQ

It has been proposed that various quinoproteins (proteins containing PQQ, TTQ,
TPQ, or LTQ) could be used as biocatalysts to produce research and industrial
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amounts of useful chemicals. It was found that pea-seedling DAO could pro-
duce a variety of novel phenacyl derivatives from the appropriate diamines (45).
Another example has been given for lactate production by 1,2-propanediol ox-
idation by free-cell suspension of a methylotrophic bacterium. The diol is first
converted to lactaldehyde by PQQ-containing methanol dehydrogenase, and
then the aldehyde is converted to lactate by an aldehyde dehydrogenase (159).
In cases like this, the substrate-reduced quinoprotein dehydrogenase is reoxi-
dized by natural electron acceptors. These are reoxidized by components of the
membrane electron transport chain in the cell-free suspension, which reguce O
to H,O. In membrane-free cell extracts or for pure quinoproteins, large levels
of a desired chemical could be produced if a convenient natural or artificial
electron transport chain were used, for example, a pure or partially pure nat-
ural electron acceptor for the quinoproteins, or components of methylotroph
membrane electron transport chains (15-17, 49, 136, 137, 144). Another route
involves coupling the protein directly or via mediators to an electrode for elec-
trochemical regeneration of substrate-reduced enzyme (37, 47, 80). Alongthese
lines, pure alcohol dehydrogenases (101, 199, 201, 245), methylamine dehydro-
genase (129), and GDH s (96, 101, 240) have been used to construct immobi-
lized enzyme-based electrodes. It has been reported that modification of GDH
with a cross-linking reagent stabilizes the enzyme (195).

Not only could these enzyme-based electrodes be used to convert cheap
feedstock materials into useful chemicals, they could also be designed for use as
biosensors (thatis, sensors to measure levels of specific substances in biological
tissues and fluids) in much the same way as has been done with the flavoprotein,
glucose oxidase (GOD) (101, 173). Substrate-reduced GOD is reoxidized by O
producing HO,. Thus, an electrode must either take electrons directly from the
reduced flavin (this is difficult to do because the flavin is very deeply buried and
protected in the protein) (51, 182), which eliminates the production,GHor
the levels of Q or H,O, must be measured directly. These aspects complicate
the design of the electrode (101, 173), requiring chemical (51, 182) or genetic
alterations of GOD, some atypical modifications of the electrode (55), a GOD-
to-electrode wiring (233, 234, 240), or the presence of a special mediator (53).
The response of a sensor could be limited by thée@els, by low levels ob-
glucose, or by interference from other redox-active materials. [Electrochemical
detection of HO, requires a high potential, which could oxidize ascorbate, uric
acid, and other components in blood and other samples (101).] The quinoprotein
dehydrogenases, on the other hand, are designed to transfer electrons to an
external site on their protein surfaces, where natural electron acceptors bind.
This means that the quinone redox cofactors are close to, or if buried are able
to efficiently transfer electrons to, these sites. It has been shown for a large
number of dehydrogenases that efficient electrical communication is obtained
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with relatively simple electrode modification (37,80). Therefore, it could be
possible to produce a glucose biosensor with PQQ-containing GDH, which
would avoid many of the drawbacks of the various types of GOD-based sensors.

It may be advantageous to fabricate sensors using a quinoprotein oxidase (i.e.
one containing TPQ or LTQ) to specifically detect amines in biological fluids
andtissues. Many ofthe same methods used for GOD-based electrodes mightbe
applied in these situations. The crystal structures of the copper amine oxidases
showthatthe TPQ cofactor, like the flavin group in GOD, is deeply buried within
the proteins (117,165, 232). Thus, there are difficulties for direct electron
transfer to an electrode surface for the amine oxidases, as well as for other
copper-containing oxidases (239). With this said, there are reports ¢da H
detection-based biosensor fabricated from pig kidney DAO (33, 134) and bovine
PAO (79). These sensors were used for detection of histamihéstidine,
cadaverine, and putrescine. There also is the potential for development of a
galactose oxidase-based biosensor (198).

Even protein-free PQQ has been exploited for interesting electrochemical
applications (102-104, 157). For example, a PQQ-mediated GOD electrode
was fabricated to measure the levelspefilucose in fruit juices (128), and
PQQ was covalently tethered between a gold-electrode binding molecule and
FAD, the latter sequestered in the flavin-binding site of GOD (234). When
attached to the electrode surface, this PQQ/FAD wire allowed for a densely
packed monolayer of GOD, which gave an unprecedented high rate of glucose
electro-oxidation.

PQQ was incorporated into an electrode monolayerNfi2-aminoethyl)-
NAD™ was covalently attached to this layer. NABlependent lactate dehy-
drogenase (LDH) was allowed to bind to this monlayer to form an LDH-based
electrode. The PQQ allowed for efficient electron transfer between the enzyme
and electrode. This could be the basis for a lactate biosensor. Similar work has
been done with an NAD-based alcohol dehydrogenase (23).

Although a lot of ink has been given to pharmacological aspects of the
copper-containing amine oxidases of humans and other mammals (for exam-
ple, 21, 39,40, 130, 132, 235), to my knowledge, not a single clinically use-
ful drug designed to specifically target any of these enzymes is in use today.
For the copper MAOSs, this stems, in large part, from the fact that their in-
volvement in any physiological process is unknown or ambiguous. On the
other hand, DAO has a more specific and defined role. It catabolizes pu-
trescine, spermine, and spermidine, agents known to be involved in various
fundamental cellular processes, and DAO has a role as histaminase (see the
Introduction section of this review). Unfortunately, for DAO or the copper
MAQ, it is not known if one, a few, or many forms exist within the hu-
man body. Similar oxidases may have different tissue-specific functions, or
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different functions in the same tissue (203). For example, there is a soluble
MAOs in serum, which seems to be closely related to a membrane-bound form
in adipocytes (154). A drug presumably designed to target one form may inhibit
other forms to produce undesired side effects. It is also known that substances
that interact with these oxidases also interact with other systems (B}5). (
Inhibitors of SSAO and mitochondrial FAD-containing MAO are as follows:
propargylamine; hydrazines; the antidepressant phenelzine; the antihyperten-
sive agent hydrallazine; the antiarrhythmic drug mexiletin; 4-dimethylami-
no-2¢-dimethylphenylethylamine (FLA 336); the 2-phenyl-3-haloallylamine
analog, (E)-2-(34'-dimethoxyphenyl)-3-fluoroallylamine (MDL 72145); and
transcyclopromine. k) 3-(4-[(3-chlorophenyl)methoxy]phenyl)-5-[(methyla-
mino) methyl]-2-oxazolidinone methane sulfonate (MD 780236) inhibits
MAO-B and SSAO (111).d) Benserazide and carbidopa inhibit SSAO and
DOPA decarboxylased( g-Aminopropionitrile inhibits LO and SSAO (132).

(e) Oxidation of 2-(3-aminopropylamino)-ethanethiol (WR-1065; used to pro-
tect against radiation damage) by a copper-amine oxidase causes intracellular
depletion of glutatione (150).f] Semicarbazide and other carbonyl reagents
and g-aminopropionitrile and aminoactonitrile inhibits SSAO, DAO, and LO.

(9) Analogs of the diuretic amiloride also inhibit Naransporting systems

and DAO (162). K) Aminoguanidine inhibits DAO and LO, and antimalarial
drugs inhibit DAO (133). i 4',6-Diamidino-2-phenylindole inhibits DAO and
S-adenosyl-methionine decarboxylase (46).

Since the copper amine oxidases are of fundamental importance, it is not
certain that inhibiting them would be beneficial. There is a seemingly neces-
sary rise in levels of DAO in developing tissue, tissue differentiation, tumors,
healing wounds, etc. In cancer cells, elevated DAO level (4) is likely a response
to the increased levels of polyamines and putrescine. It is possible that this is
a defense mechanism in precancerous cells or the early stages of tumor for-
mation, whereby increased levels and oxidation of the amines produce toxic
levels of aldehydes and B, in an attempt to kill cells or limit cellular pro-
liferation. On the other hand, the increase in these amines, in part, may cause
tumor formation. Could it be that if the elevated levels of DAO are not high
enough to maintain polyamine homeostasis, cancer develops? It was found
that Sendai virus envelope-encased DAO or PAO injected into transformed fi-
broblast induced severe cellular damage (19). Additionally, when DAO bound
to concanavilin A Sepharose was injected intraperitoneally into mice Ehrlich
ascites tumors, tumor growth was inhibited (4). Further, exposure of ham-
ster ovary cell to bovine serum amine oxidase and spermine was cytotoxic
(18).

Exposure of human immunodeficiency virus type-1 (HIV-1) to spermidine,
PAO, and myloperoxidase in the presence of €dused rapid inactivation of
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the virus. Because semen contains high levels of spermine, spermidine, and
putrescine, it was suggested that their oxidation by an amine oxidase would
produce HO,, which in the presence of Cland myloperoxidase could have
important viricidal activity in semen and the vaginal canal (112). Thus arisesthe
intriguing notion that high levels of endogenous amines are released in response
to viral, bacterial, and/or fungal infection, or in precancerous cells, for specific
oxidation by an amine oxidase. The production g0 either alone or in
concert with other agents, is the body’s attempt to inactivate invaders or cancer.

It has been documented that free radicals ap@.tare released in response
to agonist binding to a cell surface, i.e. they are intracellular second messengers
(41). Thisis particularly interesting because many SSAOs are membrane bound
(132, 154). As asecond messengeOkimay regulate transcription, metabolic
pathways, smooth muscle relaxation, cell proliferation, etc (41). Other roles
for H,0, are stimulating PGJ;, formation in the brain, relaxation of isolated
aorta, vasodilation of cremasteric arterioles, vasoconstriction in isolated per-
fused lung, transmembrane signaling in white adipose tissue, pulmonary artery
relaxation by activation of guanylate cyclase, and stimulating insulin receptor
kinase (39).

Some of the studies cited above suggest that the copper-amine oxidases them-
selves could be used as therapeutic agents. For example, the purified enzymes
could be injected into tumors. Perhaps someday PQQ could also be used clin-
ically, possibly in maladies resembling those seen in the PQQ-deficient mice,
or in individuals with connective tissue or developmental problems. Whether
PQQ will ever be used as a general dietary supplement (as is the case for vita-
mins C and EB-carotene, melatonin, etc) remains to be seen. Research papers
on some of the other antioxidants (e.g. vitamin C) number in the thousands.
This outnumbers, by orders of magnitude, the papers that have been published
on the nutritional aspects of PQQ. Even in the case of a well-studied nutrient
like vitamin C, there is still much controversy concerning its benefits (25, 75).

In contrast to some of the studies cited above, it was proposed that the
products of amine oxidase oxidation of putrescine and polyamines (aldehydes,
H,0,, and oxygen radicals) were considered to be cofactors in the development
of cervical cancer. These substances were labeled in vivo mutagens, cytotoxins,
and immunosuppressants. Women with high levels of copper amine oxidases in
cervical mucosa might have an increased risk of developing cancer, particularly
with partners with high levels of the amines in their seminal fluid (60). Other
purported negative aspects of®} are breaking DNA strands, induction of
chromatid aberration, and inducing programmed cell death (60, 81, 164, 172).

In addition to inhibitors of the copper amine oxidases, it may be advantageous
to identify activators. This could be useful in maladies where increased activity
would be beneficial, as, for example, in tumor cells. To my knowledge, there
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is only a single report of activation of a copper amine oxidase: the methyl
derivative of H-imidazo[4,5f]quinoline activates PAO (42).

Some drugs are oxidized by the copper amine oxidases, thus reducing their
efficacy. For example, some of the MAO inhibitors (e.g. kojic amine and
the oxazolidine MD 220661) are oxidized (39). 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) could be oxidized in the blood by PAO to MPP
(1-methyl-4-phenylpridinium) (26). Being a neutral compound, MPTP passes
through the blood-brain barrier, whereas MPgannot. In the brain, MPTP
is oxidized to MPP by MAO. MPP" destroys nigrostriatal cells, resulting in
Parkinsonism (189). Interestingly, pyridoxamine (a form of vitamjpiBhibits
SSAO (35).

SSAO oxidizes endogenous amines (e.g. methylamine that is produced on
metabolism of dietary choline, lecithin, and creatinine by enteric microorgan-
isms, and aminoacetone formed in the metabolism of threonine by threonine
dehydrogenase, or from glycine via aminoacetone synthetase), and xenobi-
otic alkylamines (e.qg. allylamine) (130, 131). Methylamine, aminoacetone, and
allylamine are converted to the toxins formaldehyde, methylglyoxal, and acro-
lein, respectively. It was found that SSAO inhibitors increase the levels of
methylamine in urine (131).

To date, less work has been done on the pharmacology of LO. The level of
LO is marked increased in fibrotic tissue, and LO is released into the blood of
experimental animals after induced liver fibrosis. This increase may be a sen-
sitive marker for liver fibrosis in humans. Use of a highly specific LO inhibitor
could be use to treat fibrosis. Several inhibitors of LO Arpropionitrile,
2-bromoethylamine, 2-nitroethylamine, p-chlorobenylamine, dR&){1,2-
diaminocyclohexane (99).

The final discussion in this section deals with the various amine oxidases
as markers for different pathologies. As mentioned, the LO level may be a
good indicator for liver fibrosis. One report has attempted to define the role
of DAO in various diseases: that is, whether decreases in DAO activity are a
necessary determinant (type 1), a sufficient determinant (type 2), a contribut-
ing condition (type 3), or something other (type 4 to 6) for a disease (180).
It has been offered that DAO could be used as a clinical tumor marker and a
marker of intestinal mucosal integrity (171). The levels of DAO, PAO, and
SSAO change in potentially measurable way in a variety of conditions. For
DAO, changes are caused by pregnancy; heparin treatment; various carcino-
mas, cancers, and malignancies (24); chronic renal failure; burns; anaphylactic
shock; cystic fibrosis; bronchial asthma; and various allergic conditions. For
PAO, changes are caused by menstruation, chronic liver disease, congestive
heart failure, hyperthyroidism, diabetes mellitus, acromegaly, Addison’s dis-
ease, carcinoid syndrome, progressive systemic sclerosis, malignancies, burns,
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patients with.-dopa (89), and congestive heart failure (32). For SSAO, changes
are caused by pregnancy toxemia, abortion, neoplasia, cystic fibrosis, infertility,
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uremia, bowel ischemia (235), and diabetes mellitus (31).

Visit the Annual Reviews home pagat
http://www.AnnualReviews.org.

Literature Cited

1.

10.

11.

. Ameyama M, Adachi K. 1987%C-la-

Abelson MB, Leonardi AA, Smith LM,
Fregona IA, George MA, Secchi AG.

1995. Histaminase activity in patients 12.

with vernal keratoconjunctivitis.Oph-
thalmology102:1958-63

. Adachi O, Matsushita K, Shinagawa E,

Ameyama M. 1988. Enzymatic determi-

nation of pyrroloquinoline quinone with  13.

a quinoprotein glycerol dehydrogenase.
Agric. Biol. Chem52:2081-82

. Adachi O, Shinagawa E, Matsushita K,

Nakashima K, Takimoto K, Ameyama M.
1989. Binding of pyrroloquinoline quino-
ne to serum albumin. See Ref. 98, pp.
131-43

. Agostinelli E, Riccio P, Mucigrosso J, 14.

Turinin P, Mondovi B. 1988. Amine ox-
idases as biological regulators. See Ref.
170, pp. 11-15

. Aizenman E, Jensen FE, Gallop PM,

Rosenberg PA, Tang L-H. 1994. Further

evidence that pyrroloquinoline quinone 15.

interacts with the N-methyb-aspartate
receptor redox site in rat cortical neurons
in vitro. Neurosci. Lett168:189-92

beled pyrroloquinoline quinone manufac-
tured with PseudomonasChem. Abstr.
107:196551t

. Ameyama M, Adachi O. 1986. Pyrrolo-

quinoline quinone.Chem. Abstr.104:
107920t

. AmeyamaM, Adachi O. 1986. Cell grow-

th promoting agentChem. Abstr.104:
205512f

. Ameyama M, Adachi O. 1987. Pyrrolo-

quinoline quinone manufacture with
Pseudomona€hem. Abst07:152930u

Ameyama M, Matsushita K, Shinagawa
E, Hayashi M, Adachi O. 1988. Pyrrolo-
quinoline quinone: excretion by methyl-

otrophs and growth stimulation for micro-  20.

organismsBioFactors1:51-53

Ameyama M, Nonobe M, Shinagawa E,
Matsushita K, Adachi O. 1985. Method of
enzymatic determination of pyrroloqui-

16.

17.
18.

19.

noline quinoneAnal. Biochem151:263—
67

Ameyama M, Shinagawa E, Matsushita
K, Adachi O. 1984. Growth stimulation
of microorganisms by pyrrologuinoline
quinone. Agric. Biol. Chem.48:2909—
11

Ameyama M, Shinagawa E, Matsushita
K, Adachi O. 1984. Growth stimulating
substances for micoorganisms produced
by Escherichia colicausing the reduc-
tion of the lag phase in microbial growth
and identity of the substance with pyrrolo-
quinoline quinoneAgric. Biol. Chem48:
3099-107

Ameyama M, Shinagawa E, Matsushita
K, Adachi O. 1985. Growth stimulat-
ing activity in naturally occurring sub-
stances and partial characterization of the
substance for activity as pyrroloquinoline
guinone Agric. Biol. Chem49:699-709
Anthony C. 1988. Quinoproteins and en-
ergy transduction. IrBacterial Energy
Transduction ed. C. Anthony, pp. 293—
316. London: Academic

Anthony C. 1993. Methanol dehydroge-
nase in gram-negative bacteria. See Ref.
48, pp. 17-45

Anthony C. 1996. Quinoprotein-cataly-
zed reactionsBiochem. J320:697-711
Averill-Bates DA, Agostinelli E, Przy-
bytkowski E, Mateescu MA, Mondovi B.
1993. Cytotoxicity and kinetic analysis of
purified bovine serum amine oxidase in
the presence of spermine in Chinese ham-
ster ovary cellsArch. Biochem. Biophys.
300:75-79

Bachrach U, Ash I, Rahamin E. 1988.
Cytotoxicity of amine- and diamine-
oxidases microinjected into cultured
cells. See Ref. 170, pp. 105-9

Baenziger NL, Mack P, Jong Y-JI, Da-
lemar LR, Perez N, et al. 1994. An
environmental regulated receptor for dia-
mine oxidase modulates human endothe-
lial cell/fibroblast histamine degradative



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

168

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

MCINTIRE

uptake J. Biol. Chem269:14892—-98
Bambariere G, Milani A, Rossi L. 1985.
Copper-dependent oxidases; clinical as-
pects. See Ref. 152, pp. 195-204
Barbry P, Simon-Bouy B, Mattei M-G, Le
Guern E, Jaume-Roig B, et al. 1990. Lo-
calization of the gene for amiloride bind-
ing protein on chromosome 7 and RFLP
analysis in cystic fibrosis familiesium.
Genet85:587-89

Bardea A, Katz E, Buckmann AF, Will-
ner 1. 1997. NAD-dependent enzyme
electrodes: electrical contact of cofactor-
dependent enzymes and electrodeAm.
Chem. Soc119:9114-19

Baylin SB, Luk GD. 1985 Diamine ox-
idase activity in human tumors: clinical
and biological significance. See Ref. 152,
pp. 187-94

Bendich A, Langseth L. 1995. The health
effects of vitamin C supplementation: a
review.J. Am. Coll. Nutr14:124-36

Bhatti AR, Burdon J, Williams AC, Pall

HS, Ramsden DB. 1988. Synthesis, nu- 38.

clear magnetic resonance spectroscopy,
mass spectrometry, and plasma amine
oxidase inhibitory properties of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine J.
Neurochem50:1097-104

Bishop A, Paz MA, Gallop PM, Kar-
novsky ML. 1994. Methoxatin (PQQ) in
guinea-pig neutrophilszree Radic. Biol.
Med.17:311-20

Biville F, Turlin E, Gasser F. 1991.
Mutants of Escherichia coliproducing
pyrroloquinoline quinonel. Gen. Micro-
biol. 137:1775-82

Boiardi JL, Galar ML, Neijssel OM. 1996.

PQQ-linked extracellular glucose oxida- 41.

tion and chemotaxis towards this cofac-
tor in rhizobia. FEMS Microbiol. Lett.
140:179-84

Bombardieri G, Milani A, Rossi L. 1985.
Copper-dependent amine oxidases: clin-
ical aspects. See Ref. 152, pp. 195-
204

Boomsma F, Derkx FHM, van den Mei-

racker AH, manin't Veld AJ, Schalekamp 43.

MADH. 1995. Plasma semicarbazide-
sensitive amine oxidase activity is ele-
vated in diabetes mellitus and correlates
with glycosylated haemoglobiglin. Sci.
88:675-79

Boomsma F, vanVeldhuisen DJ, deKam
PJ, man in't Veld AJ, Mosterd A, et al.
1997. Plasma semicarbazide-sensitive
amine oxidase is elevated in patients with
congestive heart failur€ardiovasc. Res.
33:387-91

Bouvrette P, Male KB, Luong JHT, Gibbs
BF. 1997. Amperometric biosensor for

34.

35.

36.

37.

39.

40.

42.

44,

45,

diamine using diamine oxidase purified
from porcine kidney.Enzym. Microb.
Technol20:32—-38

Buffoni F. 1995. Semicarbazide-sensitive
amine oxidases: some biochemical prop-
erties and general consideratiofgog.
Brain Res106:323-31

Buffoni F, Banchelli G, Bertocci B, Rai-
mondi L. 1989. Effects of pyridoxam-
ine on semicarbazide-sensitive amine ox-
idase activity in rabbit lung and head.
Pharm. Pharmacol41:469-73

Buffoni F, Cambi S, Moneti G. 1992.
Pyrroloquinoline quinone, a method for
its isolation and identification by mass
spectrometry. Biochim. Biophys. Acta
1116:297-304

Burrows AL, Hill HAO, Leese TA,
Mcintire WS, Nakayama H, Sanghera
GS. 1991. Direct electrochemistry of
the enzyme methylamine dehydrogenase
from bacterium W3A1Eur. J. Biochem.
199:73-78

Cai D, Williams NK, Klinman JP. 1997.
Effect of metal on 2,4,5-trihydroxy-
phenylalanine (topa) quinone biogene-
sis in theHansenula polymorphaopper
amine oxidasel. Biol. Chem272:19277—
81

Callingham BA, Crosbie AE, Rous BA.
1995. Some aspects of the pathophysi-
ology of semicarbazide-sensitive amine
oxidase enzymed2rog. Brain Res106:
305-21

Callingham BA, Holt A, Elliot J. 1991.
Properties and function of semicarbazide-
sensitive amine oxidaseBiochem. Soc.
Trans.19:228-33

Carlson JC, Saweawada M. 1995. Gener-
ation of free radicals and messenger func-
tion. Can. J. Appl. PhysioR0:280-88
Chimenti F, Bolasco A, Vomero S, Casa-
nova MC, Befani O, etal. 1987. Research
on substances which inhibit amine oxi-
dases: lll. Synthesis and amine oxidase
inhibition of imidazoquinoline deriva-
tives.Farm. Ed. Sci42:513-24
Chistoserdov AY, Chistoserdova LV,
Mclntire WS, Lidstrom ME. 1994. Ge-
netic organization of thmaugene cluster

in Methylobacterium extorquen&M1.:
complete nucleotide sequence and gen-
eration and characterization ofaumu-
tants.J. Bacteriol.176:4052—65
Christensen HN. 1994. Is PQQ a signif-
icant nutrient in addition to its role as a
therapeutic agentin higher animalstr.
Rev.52:24-25

Cragg JE, Hebert RB, Kgaphola MM.
1990. Pea-seedling diamine oxidase: ap-
plication in synthesis and evidence rela-



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.
57.

58.

NEW REDOX COFACTORS

tion to its mechanism of actioffetrahe-
dron Lett.31:6907-10

Cubria C, Alvarez-Buijidos M, Negro
A, Balana-Fouce R, Omifiez D. 1993.
4’ 6-Diamidino—2-phenylindole is a new
reversible inhibitor of diamine oxidase
and S-adenosyl-methionine decarboxy-
lase from mammalian tissueComp.
Biochem. Physioll05C:251-54
Davidson VL. 1990. Quinoproteins: a
new class of enzymes with potential use
as biosensorsim. Biotech. LabB:32-34
Davidson VL, ed. 199Frinciples and
Application of QuinoproteindNew York:
Marcel Dekker. 453 pp.

Davidson VL. 1993. Methylamine dehy- 62.

drogenase. See Ref. 48, pp. 73-95
Decker EA. 1995. The role of phenolic
conjugated linoleic acid, carnosine, and

pyrroloquinoline quinone as nonessential 63.

dietary antioxidantdNutr. Rev53:49-58
Degani Y, Heller A. 1988. Direct electri-
cal communication between chemically

modified enzymes and metal electro- 64.

des. 2. Methods for bonding electron-
transfer relays to glucose oxidase and
D-amino acid oxidasel. Am. Chem. Soc.
110:2615-20

de Jong R, de Mattos TMJ, Stock
JB, Neijssel OM. 1996. Pyrroloquinoline
quinone, a chemotatic attractant fiés-
cherichia coli J. Bacteriol.178:1224-26
Deshaies C, Chopineau J, Moiroux J,
Bourdillon C. 1996. Enzymatic elec-

trocatalysis in a micellar environment: 66.

glucose oxidase catalysis mediated by
ferrocene solubilized by addition af-
octyl-B-D-glucosideJ. Phys. Chentl00:
5063-66

Drasar BS, Barrow PA. 1985. The bacte-
rial flora of the intestine. IAspects of Mi-
crobiology 10. Intestinal Microbiology
ed. JA Cole, CJ Knowles, D Schlessinger,
pp. 19-41. Washington, DC: Am. Soc.
Microbiol.

Du G, Lin C, Bocarsly AB. 1996. Electro-
chemical detection of glucose oxidase us-
ing a cyanometalate-modified electrode:
requirements for the oxidation of buried
redox sites in glucose oxidasénal.
Chem.68:796-806

Duine JA. 1990. PQQ, an elusive cofac-
tor? TIBS15:96 (Letter)

Duine JA. 1991. Quinoproteins: en-
zymes containing the quinonoid cofactor
pyrrologuinonline quinone, topaquinone
or tryptophan-tryptophan quinonur. J.
Biochem200:271-84

Dvorak AM, Morgan ES, Monahan-
Earley RA, Estrella RP, Weller PF, et al.
1995. Analysis of mast cell activation us-

59.

60.

61.

65.

67.

68.

69.

70.

71.

169

ing diamine oxidase-gold enzyme-affinity
ultrastructure cytochemistryArch. Al-
lergy Immunol107:87-89

Ebong S, Farkas WR. 1993. Absence of
plasma amine oxidase in some frequently
used animal modelsComp. Biochem.
Physiol.106C:483-87

Fernandez C, Sharrard RM, Talbot M,
Reed BD, Monks N. 1995. Evaluation of
the significance of polyamines and their
oxidases in the aetiology of human cervi-
cal carcinomaBr. J. Cancer72:1194-99
Flickiger R. 1993. PQQ and electron
transport in mammalian systemilutr.
Rev.51:26-27

Flickiger R, Paz MA, Gallop PM. 1995.
Redox-cycling detection of dialyzable
pyrroloquinoline quinone and quinopro-
teins.Methods EnzymoR58:140-49

Rildp V, Ridout CJ, Greenwood C, Hajdu
J. 1995. Crystal structure of the di-haem
cytochromec peroxidase fronPseudo-
monas aeruginos&structure3:1225-33
Gacheru S, McGee C, Uriu-Hare JY,
Kosonen T, Packman S, et al. 1993. Ex-
pression and accumulation of lysyl oxi-
dase, elastin, and type | procollagen in
human Menkes and mottles mouse fibrob-
lasts.Arch. Biochem. Biophy801:325—
29

Gahl WA, Vale AM, Pitot HC. 1982.
Spermidine oxidase in human pregnancy
serum. Probable identity with diamine ox-
idase Biochem. J201:161-66

Gallop PM. 1990. Reply from Gallop.
Trends Biochem. Sc15:96-97

Gallop PM, Henson E, Paz MA, @d-
kiger R. 1989. Acid-promoted tauto-
meric lactonization and oxidation-reduc-
tion of pyrroloquinoline quinone (PQQ).
Biochem. Biophys. Res. Commur63:
755-63

Gallop PM, Paz MA, ki¢kiger R. 1990.
The biological significance of quinonoid
compounds in, on and out of prote-
ins. CHEMTRACTS Biochem. Mol. Biol.
1:357-74

Gallop PM, Paz MA, Rlckiger R, Kagan
HM. 1989. PQQ, the elusive coenzyme.
Trends Biochem. Scl4:343-46
Gomelsky M, Biville F, Gasser F, Tsy-
gankov YD. 1996. Identification and char-
acterization of thepggDGC gene clus-
ter involved in pyrroloquinonline quinone
production in an obligate methylotroph
Methylobacillus flagellatumFEMS Mi-
crobiol. Lett.141:169-76

Goosen N, Horsman HPA, Huinen RGM,
van de Putte P. 198%cinetobacter cal-
coaceticusgenes involved in biosynthe-
sis of the coenzyme pyrroloquinoline



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

170

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

MCINTIRE

quinone: nucleotide sequence and ex-
pression irEcherichia coliK-12. J. Bac-
teriol. 171:447-55

Goosen N, Huinen RGM, van de Putte
P. 1992. A 24-amino-acid polypeptide is

essential for the biosynthesis of the coen- 85.

zyme pyrroloquinoline quinond. Bacte-
riol. 169:303-7
Groen BW, van Kleef M, Duine JA. 1986.

Quinohaemoprotein alcohol dehydroge- 86.

nase apoenzyme fromPseudomonas
testosteroniBiochem. J234:611-15
Hajnai A, Klemenz R, Saiér R. 1993.
Up-regulation of lysyl oxidase in sponta-
neous revertants of lfas-transformed rat
fibroblasts Cancer Res53:4670-75
Halliwell B. 1995. Antioxidants: elixirs
of life or tonics for tired sleepBioche-
mist17:3-6

Hamagishi Y, Murata S, Kamei H, Oki
T, Adachi O, Ameyama M. 1990. New
biological properties of pyrroloquinoline
quinone and its related compounds: inhi-
bition of chemiluminescence, lipid perox-
idation and rat paw edemé.Pharmacol.
Exp. Therap255:980-85

Hamélainen E-R, Kemppainen R, Pihla-
janiemi T, Kivirikko KI. 1991. Structure
of the human lysyl oxidase gen&e-
nomicsl7:544-48

Harris ED. 1992. The pyrroloquinoline 90.

quinone (PQQ) coenzymes: acase of mis-
taken identityNutr. Rev50:263-74
Hasebe Y, Toda S, Aoki K, Tonobe H,

Uchiyama S. 1997. Specific and am- 91.

plified current responses to histidine
and histamine using immobilized copper-
monoamine oxidase membrane electrode,
based on novel ascorbate oxidase activ-
ity induced by exogenous ligand&nal.
Biochem251:32-38

Hill HAO, Hunt NI. 1993. Direct and
indirect electrochemical investigations
of metalloproteins.Methods Enzymol.
227:501-22

Hiraku Y, Kawanishi S. 1996. NADH-
mediated DNA damage induced by a new
coenzyme, pyrroloquinoline quinone, in
the presence of copper(ll) ioREBS Lett.
393:317-20

Hobara N, Watnabe A, Kobayashi M,
Tsuji T, Gomita Y, Araki Y. 1988. Qui-
none derivatives lower blood and liver
acetaldehyde but not ethanol concentra-
tions following ethanol loading to rats.
Pharmacologyd7:264-67

Hoff T, Schnorr KM, Meyer C, Caboche
M 1995. Isolation of twoArabidopsis
cDNAs in early steps of molybdenum
cofactor biosynthesis by functional com-
plementation oEscherichia colmutants.

84.

87.

88.

92.

93.

94.

95.

J. Biol. Chem270: 6100-7

Holinka CF, Gurpide E. 1984. Diamine
oxidase activity in human dicidua and en-
dometrium.Am. J. Obstet. Gynecdl50:
359-63

Holtta E, Pulkkinen P, Elfving K,arine J.
1975. Oxidation of polyamine by diamine
oxidase from human seminal plasma.
Biochem. J145:373-78

Houck DR, Hanners JL, Unkefer CJ.
1991. Biosynthesis of pyrrologquinonline
quinone. 2. Biosynthetic assembly from
glutamate and tyrosind. Am. Chem. Soc.
113:3162-66

Houen G, Jorgensen J, Leonardsen L,
Larsson L-I. 1993. Purification and par-
tial characterization of mammalian Cu-
dependent amine oxidase&cta Chem.
Scand47:902-9

Imamura Y, Kubota R, Wang Y, Asakawa
S, Kudoh J, et al. 1997. Human retina-
specific amine oxidase (RAO): cDNA
cloning, tissue expression, and chro-
mosomal mappingGenomics40:277—
83

89. Ishazaki F, Nishikawa S. 1988. Relation-

ship of blood serotonin and benzyl amine
oxidase to clinical symptoms and prog-
nosis in Parkinson’s diseadeur. Neurol.
28:291-94
Ito N, Phillips SEV, Yadav KDS, Knowles
PF. 1994. Crystal structure of a free rad-
ical enzyme, galactose oxidask.Mol.
Biol. 238:794-814
Itoh S, Fukui Y, Ogino M, Haranou S, Ko-
matsu M, Ohshiro Y. 1992. Synthesis and
characterization of the 6-deaza derivative
of coenzyme PQQ, methyl 4,5-dihydro-
4,5-dioxbenzfjindole-2-carboxylate. J.
Org. Chem57:2788-93
Itoh S, Ohshiro Y, Agawa T. 1986. Reac-
tion of reduced PQQ (PQQHland mole-
cular oxygenBull. Chem. Soc. Jprb9:
1911-14
Janes SM, Mu D, Wemmer DE, Smith AJ,
Kaur S, et al. 1990. A new redox cofac-
torin eukaryotic enzyme: 6-hydroxydopa
quinone at the active site of bovine serum
amine oxidaseScience248:981-87
Jang M, Cai L, Udeani GO, Slowing KV,
Thomas CF, et al. 1997. Cancer chemo-
preventive activity of resveratrol, a natu-
ral product derived from grapeScience
275:218-20
Jensen FE, Gardner GJ, Williams AP,
Gallop PM, Aizenman E, Rosenberg
PA. 1994. The putative essential nutrient
pyrrologuinoline quinone is neuroprotec-
tive in a rodent model of hypoxic/ische-
mic brain injury. Neuroscience52:399—
06.



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

NEW REDOX COFACTORS

Jin W, Bier F, Wollenberger U, Scheller
F. 1995. Construction and characteriza-
tion of a multi-layer enzyme electrode:
covalent binding of quinoprotein glu-

cose dehydrogenase onto gold electrodeg.09.

Biosensors Bioelectror10:823-29
Jongejan JA, Bezemer RP, Duine JA.
1988. Synthesis ot3C- and?H-labeled
PQQ.Tetrahedron Lett29:3709-12
Jongejan JA, Duine JA, eds. 1989.
PQQ and QuinoproteindDordrecht, The
Netherlands: Kluwer. 370 pp.

Kagan HM. 1994. Lysyl oxidase: mecha-111.

nism, regulation and relationship to liver
fibrosis.Pathol. Res. Pract190:910-19
Kaim W, Kohiman S. 1987. Paramagnetic

copper(l) dimerslnorg. Chem26:1469— 112.
70

Karube |, Yokoyama K, Kitagawa Y.
1993. Quinoproteins as biosensors. See
Ref. 48, pp. 429-46

Katz E, Lion-Dagan M, Willner I. 1996.

pH-switched elctrochemistry of pyrrolo- 114.

quinoline quinone at Au electrodes mod-
ified by functionalized monolayers].
Electroanal. Chen408:107-12

Katz E, lootzbeyer T, Schlereth DD,
Schuhmann W, Schmidt H-L. 1994. Elec-
trocatalytic oxidation of reduced nicoti-
namide at gold and platinum electrode
surfaces with a pyrroloquinoline quinone.
Effect of C&" cations.J. Electroanal.
Chem.373:189-200

Katz E, Schlereth DD, Schmidt H-L.
1994. Electrochemical studies of pyrrolo-

quinoline quinone covalently immobi- 117.

lized as a monolayer onto cystamine-
modified gold electrodel. Electroanal.
Chem.367:59-70

Kawamoto E, Amano T, Kanayama J,

In'Y, Doi M, et al. 1996. Structure de- 118.

termination of the reaction products of
pyrroloquinoline quinone (PQQ) with-
tryptophanin vitro and their effects for

microbial growth.J. Chem. Soc. Perkins 119.

Trans.2:1331-36

Kemppainen R, &fdldinen E-R, Kuiv-
aniemi H, Tromp G, Pihlajaniemi T,
Kivirikko KI. 1996. Expression of

mRNAs for lysyl oxidase and type Il 120.

procollagen in cultured fibroblast from
patients with the Menkes and occipital
horn syndromes as determined by quan-
titative polymerase chain reactioArch.
Biochem. Biophys328:101-6

Kenyon K, Contente S, Trackman PC,121.

Tang J, Kagan HM, Friedman RM. 1990.
Lysyl oxidase andrg messenger RNA.
Science253:802 (Letter)

Kenyon K, Modi WS, Contente S, Fried-

110.

113.

115.

116.

171

man RM. 1993. A novel human cDNA
with a predicted protein similar to lysyl
oxidase maps to chromosome 15q24-25.
J. Biol. Chem268:18435-37

Killgore J, Smidt C, Duich L, Romero-
Chapman N, Tinker D, et al. 1989. Nu-
tritional importance of pyrroloquinoline
quinone.Science245:850-52

KimY, Boyd CD, Csiszar K. 1995. A new
gene with sequence and structural simi-
larity to the gene encoding human lysyl
oxidaseJ. Biol. Chem270:7176-82
Kinemuchi H, Morikawa F, Ueda T, Arai
Y. 1986. Studies of monoamine oxidase
and semicarbazide-sensitive amine oxi-
daseJpn. J. Pharmacol1:183-89
Klebenoff SJ, Kazazi F. 1995. Inactivation
of human immunodeficiency virus type 1
by the amine oxidase-peroxidase system.
J. Clin. Microbiol. 33:2054-57

Klinman JP. 1996. New quinocofactors in
eukaryotes). Biol. Chem271:27189-92
Klinman JP, Mu D. 1994. Quinoproteins
in biology. Annu. Rev. Biochen63:299—
344

Kosana H, Setogawa T, Kobayashi K,
Nishigora H. 1995. Pyrroloquinoline
quinone (PQQ) inhibits the expression
of tyrosinase mRNA byx-melanocyte
stimulating hormone in murine B16
melanoma celld.ife Sci.56:1707-13
Kosonen T, Uriu-Hare JY, Clegg MS,
Keen CL, Rucker RB. 1997. Incorpora-
tion of copper into lysyl oxidaseBio-
chem. J327:283-89

KumarV, Dooley DM, Freeman HC, Guss
JM, Harvey |, et al. 1996. Crystal struc-
ture of a eukaryotic (pea seedling) copper-
containing amine oxidase at 22esolu-
tion. Structure4:943-55

Kumazawa T, Sato K, Seno H, Ishii A,
Suzuki O. 1995. Levels of pyrroloquino-
line quinone in various food&iochem. J.
307:331-33

Kumazawa T, Seno H, Suzuki O. 1993.
Failure to verify high levels of pyrrolo-
quinoline quinone in eggs and skim milk.
Biochem. Biophys. Res. Commuf3:1—

5

Kumazawa T, Seno H, Urakami T, Mat-
sumoto T, Suzuki O. 1992. Trace levels of
pyrrologuinoline quinone in human and
rat samples detected by gas chromatog-
raphy/mass spectrometrgiochim. Bio-
phys. Actal156:62—-66

Lan NC, Heinzmann C, Gal A, Klisak I,
Orth U, et al. 1989. Human monoamine
oxidase A and B genes map to Xp 11.23
and are deleted in a patient with Norrie
diseaseGenomics}:552-59



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

172

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

MCINTIRE

Lewinsohn R. 1990. Benzylamine-oxidi-
zing enzymes in human pregnancy fluids

and pharygeal aspirate of the newborn134.

nature and originsBiogenic Amines:
651-62

Lewinsohn R, Glover V, Sandler M. 1980.
Development of benzylamine oxidase and

monoamine oxidase A and B in man.135.

Biochem. PharmacoR9:1221-30
Lidstrom ME, Chistoserdov AY. 1993.
Molecular biology and genetics of methy-
lamine dehydrogenase. IrMicrobial
Growth on G Compoundgsed. JC Murell,
DP Kelly, pp. 381-400. Andover, UK: In-
tercept

Lin CW, Kirley SD, St. Pierre M. 1981.
Tumor and placental histaminase. I. Affin-
ity chromatography purification and char-

acterization of the placental enzyme.137.

Ocodev. Biol. Med2:267-80
Linton D, Woodard S, Gouldney DG.

1988. The consequences of stimulat-138.

ing glucose dehydrogenase activity by
the addition of PQQ on metabolite pro-
duction by Agrobacterium radiobacter
NCIB 11883.Appl. Microbiol. Biotech-
nol. 25:357-61

Liu S-T, Lee L-Y, Tai C-Y, Hung C-H,
Chang YS, et al. 1992. Cloning of &r-
winia herbicolagene necessary for glu-
conic acid solubilization irEscherichia
coli HB101:
probable involvement in biosynthesis of
the cofactor pyrroloquinoline quinong.
Bacteriol. 174:5814-19

Loughran MG, Hall JM, Turner APF.
1996. Development of a pyrroloquinoline

quinone (PQQ) mediated glucose oxidase 42.

enzyme electrode for detection of glu-
cose in fruit juice Electroanalysis:870—
75

Loughran MG, Hall JM, Turner APF,
Davidson VL. 1995. Amperometric de-
tection of histamine at a quinoprotein de-
hydrogenase enzyme electrod&dosen-
sors Bioelectron10:569-76

Lyles GA. 1994. Properties of mammali-
an tissue-bound semicarbazide-sensitive

amine oxidase: possible clues to its phys144.

iological function? J. Neural. Transm.
41(Suppl.):387-96

Lyles GA. 1995. Substrate-specificity of
mammalian tissue-bound semicarbazide-
sensitive amine oxidasBrog. Brain Res.
106:293-303

Lyles GA. 1996. Mammalian plasma
and tissue-bound semicarbazide-sensitive
amine oxidases: biochemical, pharmaco-
logical and toxicological aspectnt. J.
Biochem. Cell Biol28:259-74

Ma K, Sourkes TL. 1980. Inhibition of

136.

139.

nucleotide sequence and140.

141.

143.

145.

146.

147.

diamine oxidase by antimalarial drugs.
Agents Actior10:395-98

Male KB, Bouvrette P, Luong JHT, Gibbs
BF. 1997. Amperometric biosensor for
total histamine, putrescine and cadaver-
ine using diamine oxidasd. Food Sci.
61:1012-16

Mariani TJ, Trackman PC, Kagan HM,
Eddy RL, Shows TB, et al. 1992. The
complete derived amino acid sequence
of human lysyl oxidase and assignment
of the gene to chromosome 5 (extensive
sequence homology with the murinas
precision geneMatrix 12:242—-48
Matsushita K, Adachi O. 1993. Bacte-
rial quinoproteins glucose dehydrogenase
and alcohol dehydrogenase. See Ref. 48,
pp. 47-63

Matsushita K, Adachi O. 1993. Quinopro-
tein aldehyde dehydrogenases in microor-
ganisms. See Ref. 48, pp. 65-71
Matsushita K, Shinagawa E, Nonobe M,
Adachi O, Ameyama M, et al. 1986.
The 9-carboxyl group of pyrroloquinoline
guinone, a novel prosthetic group, is es-
sential in the formation of holoenzyme of
D-glucose dehydrogenadgiochem. Bio-
phys. Res. Commuh39:1279-84

Mayne ST. 1996. Beta-carotene, carote-
noids, and disease prevention in humans.
FASEB J10:690-701

McEwan CM. 1965. Human plasma mo-
noamine oxidase. |. Purification and iden-
tification. J. Biol. Chem240:2003-10
McEwan CM. 1965. Human plasma
monoamine oxidase. Il. Kinetic studies.
J. Biol. Chem240:2011-18

Mclnnerney MF, Seidel MJ, Nguyen
JMD, Flynn JC, Strum N, et al. 1996.
Effects of a 33 residue interleukin-
18 peptide and the antioxidant PQQ
in interleukin-18-mediated inhibition of
glucose-stimulated insulin release from
culture mouse pancreatic celRes. Com-
mun. Mol. Pathol. Pharmacod4:115-28
Mclntire WS. 1992. Wither PQQ. IBs-
say in Biochemistryed. KF Tipton, pp.
119-34. London/Chapel Hill: Portland
Mcintire WS. 1994. Quinoproteins.
FASEB J8:513-21

Mclintire WS, Hartmann C. 1993. Copper-
containing amine oxidases. See Ref 48,
pp. 97-171

Mclintire WS, Wemmer DE, Chistoservov
A, Lidstrom ME. 1991. A new cofactor in

a prokaryotic enzyme: tryptophan trypto-
phylguinone as the redox prosthetic group
in methylamine dehydrogenasscience
252:817-24

Mcintire WS, Weyler W. 1987. Factors
affecting the production of pyrroloquino-



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

NEW REDOX COFACTORS

line quinone by the methylotrophic organ-
ism bacterium W3A1Appl. Environ. Mi-
crobiol. 53:2183-88

McKusick VA. 1994. Artick # - 304150:
Cutis laxa, X-linked [Occipital horn
syndrome; OHS; occipital horn type
Ehlers-Danlos syndrome, formerly; E-D

IX, formerly]. In Mendelian Inheritance 159.

in Man. A Catalog of Human Disorders

and Genetic Diseasep. 2341-42. Bal- 160.

timore, MD: The Johns Hopkins Univ.
Press

McKusick VA. 1994. Artiab # - 309400:
Menkes syndrome [kinky hair disease,
steely hair disease: copper transport dis-
ease; MK; MNK; ATPase, CufR) trans-
porting, alpha polypeptide,
ATP7A, included]. InMendelian Inher-
itance in Man. A Catalog of Human Dis-
orders and Genetic Diseagep. 2447-50.

Baltimore, MD: The Johns Hopkins Univ. 162.

Press

Meier T, Issels RD. 1995. Degradation
of 2-(3-aminopropylamino)-ethanethiol
(WR-1065) by Cu-dependent amine ox-

idase and influence on glutathione statud63.

of Chinese hamster ovary celBiochem.
Pharmacol 50:589-96
Merendez C, Igloi G, Henninger H. 1995.

A pAO1l-encoded molybdopterin cofactor 164.

gene (moaA) oArthrobacter nicotinovo-
rans characterization and site-directed
mutagenesis of the encoded protéirch.
Microbiol. 164:142-51

Mondovi B, ed. 1985Structure and 165.

Function of Amine Oxidas®oca Raton,
FL: CRC. 285 pp.

Morel F, Surla A, Vignais PV. 1992. Pu-
rification of human placenta diamine ox-

idase.Biochem. Biophys. Res. Commun166.

187:178-86
Morris NJ, Ducret A, Aebersold R, Ross
SA, Keller SR, Lienhart GE. 1997. Mem-

brane amine oxidase. Cloning and identi-167.

fication as a major protein in the adipocyte
plasma membranel. Biol. Chem.272:
9388-92

Mu D, Medzihradszky KF, Adams GW,
Mayer P, Hines WM, et al. 1994. Pri-
mary structures for a mammalian cellular
and serum copper amine oxidageBiol.
Chem.269:9926-32

Naito Y, Kumazawa T, Kino |, Suzuki O. 169.

1993. Effects of pyrroloquinoline quinone
(PQQ) and PQQ-oxazole on DNA synthe-
sis of cultured human fibrobladtife Sci.
52:1909-15

Nakamura N, Kohauma T, Suzuki S.170.

1993. Electrochemical properties of coen-
zyme pyrroloquinoline quinone using

D-(pyridyl)disulfide modified gold elec- 171.

158.

included; 161.

168.

173

trode under acidic conditionBull. Chem.
Soc. Jpn66:1289-91

Nakamura N, Matsuzaki R, Choi Y-
H, Tanizawa K, Sanders-Loehr J. 1996.
Biosynthesis of topa quinone cofactors in
bacterial amine oxidase§. Biol. Chem.
271:4718-24

Netrusov A. Quinoproteins as biocata-
lysts. See Ref. 48, pp. 409-27

Nishigori H, Yasunaga M, Mizimura M,
Lee JW, lwatsura M. 1989. Preventive ef-
fects of pyrroloquinoline quinone on for-
mation of cataracts and decline of lenticu-
lar and hepatic glutathione of developing
chick embryo after glucocortacoid treat-
ment.Life Sci.45:593-98

Noar JB, Bruice TC. 1987. Decarboxy-
lated methoxatin analogues. Synthesis of
7- and 9-decarboxymethoxatid. Org.
Chem52:1942-45

Novotny WF, Chassande O, Baker M,
Lazdunski M, Barbry P. 1994. Diamine
oxidase is the amiloride-binding protein
and is inhibited by amiloride analogues.
J. Biol. Chem269:9921-25

Palcic MM, Scanman CH, Alton G. 1995.
Stereochemistry and cofactor identity of
semicarbazide-sensitive amine oxidases.
Prog. Brain Res106:41-47

Parchmant RE, Pierce GB. 1989. Poly-
amine oxidation, programmed cell death,
and regulation of melanoma in the mur-
ine embryonic limb.Cancer Res.49:
6680-86

Parsons MR, Convery MA, Wilmot CM,
Yadav KD, Blakeley V, et al. 1995. Crys-
tal structure of a quinoenzyme: copper
amine oxidase oEscherichia coliat 2A
resolution.Structure3:1171-84

Paz MA, Rlickiger R, Gallop PM. 1990.
Comment: redox-cycling is a property
of PQQ but not of ascorbat€EBS Lett.
264:283-84

Paz M, Rickiger R, Gallop PM. 1993.
The biomedical significance of PQQ. See
Ref. 48, pp. 381-93

Paz M, Riickiger R, Henson E, Gallop
PM. 1989. Direct and amplified redox-
cycling measurements of PQQ in quino-
proteins and biological fluids: PQQ-
peptides in pronase digests of DBH and
DAO. See Ref. 98, pp. 131-43

Paz M, Riickiger R, Torrelio BM, Gallop
PM. 1989. Methoxatin (PQQ), coenzyme
for copper-dependent amine and mixed-
function oxidation in mammalian tissues.
Connect. Tissue Re®0:251-57

Perin A, Scalabrino G, Sessa A, Ferioli
ME, eds. 1988Perspectives in Polyamine
ResearchMilan, Italy: Wichtig

Perin A, Sessa A, Desiderio MA. 1985.



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

174

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

MCINTIRE

Diamine oxidase in regenerating and hy-185.

pertrophic tissues. See Ref. 152, pp. 179—
86

Pierce GB, Gramzinski RA, Parchmentl86.

RE. 1990. Amine oxidases, programmed
cell death, and tissue renewdaphilos.
Trans. R. Soc. London Ser3R7:67-741
Raba J, Mottola HA. 1995. Glucose ox-
idase as an analytical reage@rit. Rev.
Anal. Chem25:1-42

Rauch N, Rauch RJ. 1973. Isozymes 0187.

amine oxidase in human plasma and other
tissue Experientia29:215-17

Record IR, Mclnerney JK, Dreosti IE.
1996. Black tea, green tea and tea poly-
phenols.Biol. Trace Elem. Res53:27—
43

Ridout CJ, James R, Greenwood C. 1995.
Nucleotide sequence encoding the di-
heme cytochromesg; peroxidase from
Pseudomonas aeruginas&EBS Lett.
365:152-54

Romijn JC, Verkoelen CF, Splinter TAW.
1986. Species-dependent differences of
the biochemical properties of diamine ox-
idasesInt. J. Biochem18:835-39
Ruggiero CE, Smith JA, Tanizawa K,
Dooley DM. 1997. Mechanistic studies
of topa quinone biogenesis in phenylethy-
lamine oxidaseBiochemistry36:1953—
59

Salisbury SA, Forrest HS, Cruse WBT,
Kennard O. 1979. A novel coenzyme
from bacterial primary alcohol dehydro-
genased\Nature280:843-44

Sattler J, Hesterberg R, Lorenz W, En-

nis M, Stahlnecht C-D, Kusche J. 1985.191.

Pathophysiological functions of diamine
oxidase: an evaluation in animal stud-
ies using a probabilistic model with sev-

eral types of causal relationships. See Refl92.

152, pp. 167-78
Scanlon JM, Aizenman E, Reynolds 1J.
1997. Effects of pyrroloquinoline quinone

on glutamate-induced production of re-193.

active oxygen species in neuromsur. J.
Pharmacol.326:67-74

Schumann W, Ohara TJ, Schmidt H-L,
Heller A. 1991. Electron transfer between

glucose oxidase and electrodes via redoX94.

mediators bound with flexible chains to
the enzyme surfacel. Am. Chem. Soc.
113:1394-97

Schwelberger HG, Sattler J, Bodner E.
1996. Purification of human intestine di-
amine oxidaseinflamm. Res45:S50-51

Seiler N, Moulinoux J-P, Havouis R, Tou- 195.

jas L. 1995. Characterization of amine
oxidase activity in macrophage from hu-
man peripheral bloodiochem. Cell Biol.
73:275-81

188.

189.

190.

Sen CK, Packer L. 1996. Antioxidant and
redox regulation of gene transcription.
FASEB J10:709-20

Shah MA, Bergethon PR, Boak AM,
Gallop PM, Kagan HM. 1992. Oxida-
tion of peptidyl lysine by copper com-
plexes of pyrroloquinoline quinone and
other quinones. A model for oxidative
pathochemistryBiochim. Biophys. Acta
1159:311-18

Shimao M, Yamamoto H, Ninomiya K,
Kato N, Adachi O, et al. 1984. Pyrrolo-
quinoline quinone as an essential growth
factor for a poly(vinyl alcohol)-degrading
symbiont, Pseudomonassp. VM15C.
Agric. Biol. Chem48:2873-76

Sicker D, Stehfest E, Wilde H, Martin P.
1996. 59. Ein alternativer Zugang zum
PQQ-TriesterHelv. Chim. Acta79:658—
62

Singer TP, Castagnoli N, Ramsay RR,
Trevor AJ. 1987. Biochemical events in
the development of parkinsonism indu-
ced by 1-methyl-4-phenyl-1,2,3,6-tetra-
hydro$-pyridine.J. Neurocherm49:1-8
Sleath PR, Noar JB, Eberlein GA, Bruice
TC. 1985. Synthesis of 7,9-didecar-
boxymethoxatin ~ (4,5-dihydro-dioxo-1
H-pyrrolo[2,3f]quinoline—2-carboxylic
acid) and comparison of its chemical
properties with those of methoxatin and
analogs of o-quinones. Model studies
directed towards the action of PQQ
requiring bacterial oxidoreductase and
mammalian plasm amine oxidase Am.
Chem. Soc107:3328-38

Smidt CR, Bean-Knudsen D, Kirsch
DG, Rucker RB. 1991. Does the intes-
tinal flora synthesize pyrroloquinoline
quinone?Biofactors3:53-59

Smidt CR, Meyers Steinberg F, Rucker
RB. 1991. Physiological importance of
pyrroloquinoline quinonéRroc. Soc. Exp.
Biol. Med.197:19-26

Smidt CR, Unkefer CJ, Houck DR,
Rucker RB. 1991. Intestinal absorption
and tissue distribution of{Cpyrroloqui-
noline quinone in miceProc. Soc. Exp.
Biol. Med.197:27-31

Sode K, Ito K, Witarto AB, Watanabe
K, Yoshida H, Postma P. 1996. Increased
production of recombiant pyrrologuino-
line quinone (PQQ) glucose oxidase
by metabolically engineerefischerichia
coli, a strain capable of PQQ biosynthe-
sis.J. Biotechnol49:239-43

Sode K, Shimakita T, Ohuchi S, Yama-
zaki T. 1996. Stabilization of pyrroloqui-
noline quinone glucose dehydrogenase
by crosslinking chemical modification.
Biotechnol. Lett18:997-1002



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

NEW REDOX COFACTORS

Springer AL, Ramamoorth R, Lidstrom
ME. 1996. Characterization and nu-
cleotide sequence gfpgE and pgqgF in
Methylobacterium extorquendM1. J.
Bacteriol.178:2154-57

Steinberg FM, Gershwin ME, Rucker RB.

1994. Dietary pyrroloquinoline quinone: 209.

growth and immune response in BALB/c

mice.J. Nutr.124:744-53

Stigter ECA, Carnicero AM, Vanderlugt

JP, Somers WAC. 1996. Electron transfer

between galactose oxidase and an ele10.

trode via a redox polymemBiotechnol.
Tech.10:469-74
Stigter ECA, de Jong GAH, Jongejan JA,

Duine JA, van der Lugt JP, Somers WAC.211.

1996. Electron transfer between a quino-
hemoprotein alcohol dehydrogenase and
an electrode via a redox polymer net-
work. Enzym. Microb. Technoll8:489—
94

Sugioka K, Nakano M, Naito I, Tero-

Kubota S, lkegami Y. 1988. Properties212.

of acoenzyme, pyrroloquinoline quinone:
generation of an active oxygen species

during a reduction-oxidation cycle in the 213.

presence of NAD(P)H and OBiochim.
Biophys. Acté964:175-82

Suye S, Nakamura Y, Inuta S, lkeda T214.

Senda M. 1996. Mediated amperometric
determination of ammonia with methanol
dehydrogenase fronfPseudomonassp.

AM-1 immobilized carbon paste elec-

trode.Biosensors Bioelectrod1:529-34 215.

Suzuki O, Kumazawa T, Seno H, Urakami
T, Matsumoto T. 1990. Extraction of
pyrroloquinoline quinone from crude bi-
ological sampled.ife Sci.47:2135-41

Suzuki O, Matsumoto T. 1987. Purifica-216.

tion and properties of diamine oxidase
from human kidney.Biogenic Amines
4:237-45

Suzuki S, Sakurai T, Itoh S, Ohshiro Y.

1988. Preparation and characterization oR217.

ternary copper(ll) complexes containing
coenzyme PQQ and bipyridine or terpyri-
dine.lnorg. Chem27:591-92

Tan RS-P, Taniguchi T, Harada H. 1996.

Identification of thdysyl oxidasegene as 218.

the target of the antioncogenic transcrip-
tion factor, IRF-1, and its possible role in
tumor suppressioiCancer Re56:2417—
21

Tanizawa K. 1995. Biogenesis of novel
quinone coenzymesl. Biochem. Tokyo
118:671-78

Toyama H, Chistoserdova L, Lidstrom
ME. 1997. Sequence analysismmiqge-
nes required for biosynthesis of pyrrolo-
quinoline quinone inMethylobacterium
extorquensAM1 and the purification of

208.

219.

220.

175

abiosynthetic intermediat®licrobiology
143:595-602

Tufvesson G. 1978. Purification and prop-
erties of human amniotic fluid diamine
oxidase.Scand. J. Clin. Lab. Inves88:
463-72

Tufvesson G. 1978. A comparison be-
tween diamine oxidase from human post-
heparin blood serum, pregnancy blood
serum and amniotic fluidscand. J. Clin.
Lab. Invest38:473-76

Tumer Z, Horn N. 1996. Menkes disease:
recent advances and new insights into
copper metabolismAnn. Med.28:121—
29

Turlin E, Bivile F, Gasser F. 1991.
Complementation ofMethylobacterium
organophilummutants affected in pyrro-
loquinoline quinone biosynthesis genes
pqgE and pqgF by cloned Escherichia
coli chromosomal DNAFEMS Micro-
biol. Lett.83:59-64

Urakami T. 1987. Bacterial production of
pyrroloquinoline quinoneChem. Abstr.
107:152914s

Urakami T. 1987. Preparation of pyrro-
loquinoline quinoneChem. Abstr107:
21934a

Urakami T, Sugamura K, Niki E. 1995—
1996. Characterization of imidazopyr-
rolo-quinoline compounds synthesized
from coenzyme PQQ and various amino
acids.Biofactors5:75-81

Urakami T, Tanaka A, Tanimoto T, Niki
E. 1996. Synthesis and aldose reductase-
inhibitory activity of imidazopyrrolo-
quinoline estersChem. Pharm. Buli44:
1493-97

Urakami T, Yashima K, Kobayashi H,
Yoshida A, Ito-Yoshida C. 1992. Produc-
tion of pyrrologuinoline quinone by us-
ing methanol-utilizing bacteridppl. En-
viron. Microbiol. 58:3970-76

van der Meer RA, Groen BW, van Kleef
MAG, Frank J, Jongejan JA, Duine JA.
1990. Isolation, preparation, and assay of
pyrroloquinoline quinoneMethods Enzy-
mol. 188:260-83

van der Meer RA, Groen BW, van Kleef
MAG, Frank J, Jongejan JA, Duine JA.
1990. Reply: the redox-cycling assay and
PQQ.FEBS Lett264:284

van der Meer RA, Jongejan JA, Duine
JA. 1989. Identification and quantifica-
tion of PQQ. Binding of pyrroloquinoline
quinone to serum albumin. See Ref. 98,
pp. 111-22

van Kleef MAG, Dokter P, Mulder AC,
Duine JA. 1987. Detection of the co-
factor pyrroloquinoline quinoneAnal.
Biochem162:143-49



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

176

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

MCINTIRE

van Kleef MAG, Duine JA. 1989. Fac- 232.

tors relevant in bacterial pyrroloquinoline
quinone productionAppl. Environ. Mi-
crobiol. 55:1209-13

van Kleef MAG, Jongejan JA, Duine,
JA. 1989. Factors relevant in the reaction
of pyrroloquinoline quinone with amino

acids. Analytical and mechanistic impli- 233.

cations Eur. J. Biochem183:41-47

van Schie BJ, Hellingwerf KJ, van
Dijken JP, Elferink MG, van Dijl, et al.
1985. Energy transduction by electron
transfer via a pyrroloquinoline quinone-
dependent glucose dehydrogenasEsa

cherichia coli Pseudomonas aerugingsa 234.

and Acinetobacter calcoaceticugvar.
Iwoffi). J. Bacteriol.163:493-99

van Spanning RJM, van der Palen
CJINM, Slotboom D-J, Reijnders WNM,
Stouthamer AH, Duine JA. 1994. Expres-

sion of themaugenes involved in methy- 235.

lamine metabolism iRaracoccus denitri-
ficansis under the control of a LysR-type
transcription activatorEur. J. Biochem.
226:201-10

Velterop JS, Sellink JS, Meulenberg JIM,
David S, Bulder |, Postma PW. 1995. Syn-
thesis of pyrroloquinoline quinorie vivo

andin vitro and detection of an interme- 237.

diate in the biosynthetic pathway. Bac-
teriol. 177:5088-98

Vulpe C, Levinson B, Whitney S, Pack-
man S, Gitschier J. 1993. Isolation of

a candidate gene for Menkes diseas@38.

and evidence that it encodes a copper-
transporting ATPaséNature Genet3:7—
13

Wang SX, Mure M, Medzihradszky KF,
Burlingame AL, Brown DE, et al. 1996.
A crosslinked cofactor in lysyl oxidase:
redox function for amino acid chainSci-
ence273:1078-84

Watanabe A, Hobara N, Tsuji T. 1988.
Protective effect of pyrroloquinoline
quinone against experimental liver injury
in rats.Curr. Ther. Res44:896-901
Weisberger JH, Hara Y, Dolan L, Luo F-
Q, Pittman B, Zang E. 1996. Tea polyphe-
nols as inhibitors of mutagenicity of ma-
jor classes of carcinogendlutat. Res.
371:57-63

Weyler W, Hsu YP, Breakefield XO. 1990.
Biochemistry and genetics of monoamine
oxidase. Pharmacol. Ther. 47:391—
417

Whittaker MM, Kersten PJ, Nakamura N,
Sanders-Loehr J, Schwiezer ES, Whit-
taker JW. 1996. Glyoxal oxidase from
Phanerochaete chrysosporiuis a new

radical-copper oxidasel. Biol. Chem. 243.

271:681-87

236.

239.

240.

241.

242.

Wilce MCJ, Dooley DM, Freeman H,
Guss JM, Matsunami H, et al. 1997.
Crystal structure of the copper-containing
amine oxidase fronArthrobacter globo-
formisin the holo- and apo-forms: impli-
cations for the biogenesis of topa quinone.
Biochemistry36:16116—31

Willner |, Blonder R, Katz E. 1996.
Reconstitution of apo-glucose oxidase
with a nitrospiropyran-modified FAD co-
factor yields a photoswitchable biocat-
alyst for amperometric transduction of
recorded optical signalsl. Am. Chem.
Soc.118:5310-11

Willner |, Heleg-Shabtai V, Blonder R,
Katz E, Tao G, et al. 1996. Electrical
wiring of glucose oxidase by reconstitu-
tion of FAD-modified monolayers assem-
bled onto Au-electrodes]l. Am. Chem.
So0c.118:10321-22

Wolvekamp MCJ, de Bruin RWF. 1994.
Diamine oxidase: an overview of histor-
ical, biochemical and functional aspects.
Dig. Dis.12:2-14

Xiong LB, Sekiya J, Shimose N. 1988.
Stimulation ofLillium pollen germination
by pyrroloquinoline quinonéAgric. Biol.
Chem52:1065-16

Xiong LB, Sekiya J, Shimose N. 1990.
Occurrence of pyrroloquinoline quinone
(PQQ) pistils and pollen grains of
higher plantsAgric. Biol. Chem54:249—
50

Xu F, Mack CP, Quandt KS, Shlafer M,
Massey V, Hulquist DE. 1993. Pyrrolo-
quinoline quinone acts with flavin re-
ductase to reduce ferryl myoglobin in
vitro and protects isolated heart from re-
oxygenation injury.Biochem. Biophys.
Res. Commuri93:434-39

Yarpolov Al, Kharybin AN, Emneus J,
Marko-Varge G, Gorton L. 1996. Electro-
chemical properties of some copper-con-
taining oxidasesBioelectrochem. Bioen-
erg.40:49-57

Ye L, Hammerle M, Olsthoorn AJJ,
Schuhmann W, Schmidt H-L, et al. 1993.
High current density “wired” quinopro-
tein glucose dehydrogenase electrode.
Anal. Chem65:238-41

Zhang X, Kim J, Mcintire WS. 1995.
cDNA sequences of variant forms of hu-
man placenta diamine oxidadgiochem.
Genet.33:261-68

Zhang X, Mclintire WS. 1996. Cloning
and sequencing of a copper-containing,
topa quinone-containing monoamine oxi-
dase from human placent&ene 179:
279-86

Zhang Z, Tillekeratne LM, Kirchhoff
JR, Hudson RA. 1995. High perfor-



Annu. Rev. Nutr. 1998.18:145-177. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

NEW REDOX COFACTORS 177

mance liquid chromatographic separa- of coenzyme pyrroloquinoline quinone
tion and pH-dependent electrochemical (PQQ).Synthesispp. 377-82
properties of pyrrologuinoline quinone 245. Zhao S, Lennox RB. 1991. Pyrroloqui-

and three closely related isomeric ana- noline quinone enzyme electrode based

loguesBiochem. Biophys. Res. Commun. on the coupling of methanol dehydro-

212:41-47 genase to a tetrathiafulvalene-tetracyano-
244. Zhang Z, Tillekeratne LMV, Hudson RA. quinodimethane electrodénal. Chem.

1996. Synthesis of isomeric analogues 63:1174-78



