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Knowledge of the biochemical and nutritional aspects of riboflavin (vitamin
B,) has accumulated steadily since its discovery and structural elucidation
in the early 1930s. The nutritional significance of riboflavin is dictated by
the fact that mammals do not synthesize it and, therefore, must rely on
ingestion of foods that contain amounts sufficient to meet metabolic needs.
The biological importance of riboflavin is demonstrated by the involvement
of flavoproteins, at least peripherally, in every major metabolic pathway and

0199-9885/81/0715-0281$01.00

281



Annu. Rev. Nutr. 1981.1:281-317. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only.

282 MERRILL ET AL

in energy production via the respiratory chain. This review provides an
overview of our current knowledge of (@) the structural variants of ribofla-
vin found in nature, their uptake from foodstuffs, and conversion to active
coenzyme forms; (b) the noncovalent interactions between the respective
coenzymes and apoflavoproteins and their catalytic sequences; (¢) examples
of compounds present in certain foods detrimental to the function of key
flavoenzymes; and (4) the function of representative flavoenzymes in catal-
ysis of biological redox reactions.

NATURALLY OCCURRING FLAVINS

The flavins found in biological systems include riboflavin [7,8-dimethyl-10-
(1'-D-ribityl) isoalloxazine], plus variants of this basic structure (Table 1,
Figure 1). The known structural derivatives are thought to be formed by
modification of the parent riboflavin structure, with the probable exception
of coenzyme F 0.

Many microbes and plants synthesize riboflavin, using guanine as precur-
sor and involving reactions similar to those in pteridine biosynthesis (6).
Microbes that do not synthesize riboflavin but depend on it for growth have
been used to develop sensitive assays for low levels of the vitamin (7). The
amount of riboflavin obtained from intestinal flora of mammals is appar-
ently insufficient to meet requirements, even though some vitamin can be
absorbed from the large intestine.

Modifications Found on the Ribityl Sidechain

The predominant forms of riboflavin in tissues are the coenzymes FMN
(riboflavin §'-phosphate) and FAD (flavin adenine dinucleotide) (13). The
coenzyme forms also account for most flavin in blood; however, as dietary
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intake of vitamin B, increases, higher levels of riboflavin are found (24).
Several laboratories (8, 39, 128) have also found that fetal blood contains
higher levels of riboflavin than does maternal blood. Human milk contains
mainly FAD and FMN (63), whereas milk from other mammals (e.g.
bovine) contains mostly riboflavin.

Other phosphorylated forms of riboflavin found in living organisms in-
clude riboflavin 2',5'-cyclic phosphate, riboflavin 5'-pyrophosphate, and a
riboflavinyl glucoside phosphate (164, 247, 248), although the metabolic
function of these forms remains to be elucidated.

Riboflavin analogues in which the 5'-hydroxymethyl group has been
oxidized to an aldehyde (riboflavinal) or to a carboxylic acid (riboflavinoic
acid) have been named schizoflavins, as they are isolated from Schizophyl-
lum commune and are also found in edible Basidiomycetes (250). These
flavins appear to participate in the accumulation of L-malate by S. commune
and to stimulate hydrocarbon fermentation by a Candida species.

Glycosides of riboflavin are readily formed by trans-glycosidases found
in rat liver, plants, and microbes (249, 272). Glycosyl donors include mal-
tose, dextrin, starch, glycogen, and salicin for the riboflavinyl glucosides;
lactose and melibiose for riboflavinyl galactosides; and sucrose for riboflavi-
nyl fructoside and glucoside (272). These glycosides are not normally found
in significant quantities but do occur in mouse tissues after the animals are
loaded with riboflavin and ATP (266). Their metabolic significance remains
to be elucidated.

Modifications Found on the Flavin Ring

A fraction of the total flavin of mammalian tissues is covalently bound to
proteins. Since the discovery that treatment of mitochondrial preparations
with proteolytic enzymes releases some of this covalently bound flavin (71),
many flavinyl peptides have been characterized (231, 232). The majority of
the covalent flavins are attached to cysteinyl, histidyl, or tyrosyl residues
via the 8a-position of the isoalloxazine ring, with the exception of the
6-S-cysteinyl flavin of trimethylamine dehydrogenase (242, 243) (See Table
1 and Figure 1).

Recent work (2, 278) has shown that rat liver mitochondria contain four
major polypeptides with covalently bound flavin; they have apparent
molecular weights corresponding to those of succinate dehydrogenase,
monoamine oxidase, sarcosine dehydrogenase, and an unidentified protein
(M, = 44,000). Only one flavinyl-polypeptide, identified as L-gulono-
v-lactone oxidase, was found in rat liver microsomes.

Other riboflavin derivatives modified on the dimethylbenzenoid ring in-
clude roseoflavin (8-dimethylamino flavin) and 6- and 8-hydroxy flavins.
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Table 1 Naturally occurring flavins

Structure
Name X Y Other Known sources Ref.
Riboflavin CH, H - Multiple 131, 140
FMN CH, H 5'-phosphate Multiple 140, 269
FAD CH; H 5'-ADP Multiple 140, 269
Riboflavin 2',5-cyclic
phosphate CH, H 2',5'-cyclic phosphate Aspergillus oryzae, Rhizopus oryzae 247
Schizoflavins CH, H 5'-aldehyde Schizophyllum commune 250
5'-carboxylic acid
Nekoflavin Unknown (altered ribityl sidechain?) Cats’ eyes, liver 151,152
Riboflavinyl glycosides CHy H 5'-gly coside Multiple 272
6-S-Cysteinyl-FMN CHy -S-cysteinyl 5'-phosphate Trimethylamine dehydrogenase 242,243
(bacterium W 3A1)
8a-S-Cysteinyl-FAD CH,-S-cysteinyl H 5'-ADP Monoamine oxidase (outer mito- 48,125
chondrial membrane), Cytochrome
Cg53 (chlorobium)
8a-N1-Histidyl-FAD CH,-N!-histidyl H 5'-ADP p-Cyclopiazonate oxidocyclase 48,123,
(Penicillium cycloplum), L-glu- 124,126

cono-§-lactone oxidase (rat liver),
thiamin dehydrogenase (unidenti-
fied soil bacterium), L-galono-y-
lactone oxidase (yeast), cholesterol
oxidase (schizophyllum)
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8a-N3-Histidyl-FAD

8a-O-Tyrosyl-FAD

6-Hydroxy-FMN
6-Hydroxy-FAD

8-Hydroxy-FAD

Roseoflavin

Coenzyme F420

Formylmethylflavin
2'- and 4'-lectoriboflavin

Lumiflavin
Lumichrome

2',5'-anhydroriboflavin
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CH,-O-tyrosyl

CH,

CH,

OH
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CH,
CH,
CH,

CH,
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OH
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5-carba-5-deaza-5'-phos-
pholactyldiglutamyl

10-CH3CHO
2'-or 4'-lecto
N10.CH,4

N10.H

2',5"-anhydro

D-6-Hydroxynicotine oxidase
(Arthrobacter oxidans), sarcosin
dehydrogenase (Pseudomonas)

Fumarate reductase, chlorine
oxidase

Succinate dehydrogenase

p-Cresol methylhydroxylase
(Pseudomonas)

Glycolate oxidase (pig liver)

Electron-transferring flavoprotein
(Megasphaera elsdenii)

Electron-transferring flavoprotein
(Megasphaera elsdenii)

Streptomycetes davawensis

Methanobacterium

Photodegradation of riboflavin
Photodegradation of riboflavin

Photodegradation of riboflavin
(pH >10)

Photodegradation of riboflavin
(pH < 10)

Strong acid

48, 193,
224,261,
271

167

158
158

68

114, 200
50
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26
26

26
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Roseoflavin is formed from riboflavin by Streptromyces davawensis (153). It
is readily phosphorylated by the rat liver flavokinase (177), is a bacterioi
static agent (114), has an antagonistic effect upon the growth-promoting
activity of riboflavin for rats (200), and is toxic for poultry (70). Less is
known about the 6- and 8-hydroxy flavins; the latter may not be a riboflavin
antagonist in animals because it is not phosphorylated by flavokinase nor
does it inhibit the phosphorylation of riboflavin (177).

The coenzyme F, isolated from Methanobacterium strain M.o.H.
differs considerably from riboflavin, having both the ring substituents -
shown in Table 1 and Figure 1 and a lactyl diglutamyl sidechain that
extends beyond the ribityl phosphate at position 10 (50); hence, it may
not qualify as a true riboflavin derivative. The related synthetic analogue,
5'-deazariboflavin (191), is a potent anticoccidial riboflavin antagonist
(70).

Chemical and Biological Degradation Products

Photodegradation of the ribityl sidechain yields potentially antivitaminic
(160) molecules such as formylmethylflavin, lumiflavin, and lumichrome
(26). The losses of the vitamin can be extensive; for example, exposure of
milk to sunlight for 4 h destroys 71% of the riboflavin (89). Evidence for
photodegradation in vivo has been obtained for newborns during photo-
therapy for hyperbilirubinemia (87, 216). Heating samples that contain
riboflavin in acid may yield 2',5'-anhydro-riboflavin (47) and, in base, 1,2-
dihydro-6,7-dimethyl-2-keto-1-D-ribityl-3-quinoxaline carboxylic acid plus
urea (246). The flavin coenzymes are especially susceptible to both chemical
and enzymatic hydrolysis to form riboflavin. Furthermore, groups on the
ribityl hydroxyls can migrate or cyclize to produce contaminants such as
riboflavin 4'-phosphate, riboflavin 4',5'-cyclic phosphate, or the 4',5'-cyclic
phosphate of FAD (164).

The major excretory flavin catabolite in mammals is riboflavin. Much
smaller amounts of sidechain degradation products, such as lumichrome,
10-formylmethylflavin, 10-(2'-hydroxyethyl) flavin, and ring-altered com-
pounds, are found and may in part be formed by intestinal microorganisms
(163, 254). 8a-Flavin peptides are excreted both in an unaltered form and
in an altered form with modifications of the amino acid moiety (decarboxy-
lation) and of the flavin (presumably some sidechain cleavage) (34). In
addition, 8a-S-(cysteinyl)riboflavin has been found to be converted to its
sulfoxide and sulfone forms (34). Some degradation of the 8a-(amino acid)
flavins to 8-formyl flavin is expected, based on model chemical observations
(34, 232).
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TRANSPORT AND METABOLISM

Uptake and Excretion

Flavins are consumed primarily in complexes with food proteins. Riboflavin
is obtained directly from foods rich in the underivatized vitamin, such as
bovine milk and eggs, upon gastric acidification and gastric and intestinal
proteolysis. The coenzymatic forms are similarly released from flavoen-
zymes and are hydrolyzed to riboflavin by relatively nonspecific pyrophos-
phatases and phosphatases. Flavin glycosidases are cleaved by glycosidases
in the gut. Some portion of the 8a-(amino acid) riboflavins, released by
proteolysis of flavoproteins containing covalently bound flavin, is absorbed,
although neither 8a-(cysteinyl)- nor 8a-(histidyl)-riboflavin has significant
vitaminic activity (163).

Riboflavin is absorbed by man in a site-specific (proximal small intestine),
saturable transport system. The kinetics of uptake of ingested riboflavin
have been studied by following the concentrations of this molecule in
plasma and urine (106). Uptake by normal adults was rapid and propor-
tional to dose, until leveling off at 25 mg. Ingestion of riboflavin with other
food increases the amount taken up, probably by decreasing the rate of
intestinal transit (102, 106). It has also been observed (17) that riboflavin
absorption is increased by exposure to y-radiation, which decreases the rate
of gastric emptying. The presence of bile salts increases uptake (106, 155);
furthermore, impaired riboflavin absorption is observed in children with
biliary obstruction (107). Although bowel disorders might generally de-
crease uptake, children with gastroenteritis have normal levels of riboflavin
(4). Other vitamins and most drugs examined to date do not appear to
inhibit transport (106, 137).

The characteristics of uptake change with age. The urinary excretion of
riboflavin by newborn infants is slow and prolonged, reflecting sustained
intestinal absorption (101, 106). The cumulative amount excreted in urine,
however, is similar to that for older infants (6% of the dose). The urinary
recovery increases to 12% by 40 years of age, reflecting primarily changes
in intestinal transit rate (106). Some absorption of riboflavin from the large
intestine can occur (237). The amount of riboflavin that appears in blood
after instillation through a catheter into the large intestine was, at most,
25% of that from an oral dose.

Results from experiments on riboflavin absorption by rat intestine in vitro
have been contradictory (36, 106, 219). Some of the confusion may arise
from absorption at low doses by specialized processes and at higher concen-
trations by passive diffusion. The active transport of riboflavin, measured
with isolated perfused segments of rat small intestine, occurs maximally at
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the lowest riboflavin concentration examined, 0.2 «M (168). Absorption by
intestine in vivo is saturable and Na*-dependent (K, =3 uM) (212). Recent
studies (W. B. Im, A. H. Merrill Jr., R. G. Faust, unpublished observations)
of riboflavin uptake by purified brush border membrane vesicles from rat
jejunum and kidney cortex indicate that a Na*-dependent transport system,
like those for glucose and amino acids (94), may be present in the kidney.

Few studies have been conducted on the mechanisms of riboflavin uptake
from blood by tissues. Injection of flavin coenzymes, double-labeled in the
isoalloxazine ring ([!14C]) and phosphate ([32P], FMN) or adenine ([*H],
FAD) groups, yielded incorporation of only radiolabel from the isoalloxa-
zine ring into coenzymes in the liver (195). Hence, these molecules are
rapidly hydrolyzed in the body, and presumably, it is free riboflavin that
traverses cell membranes. Riboflavin antagonists such as galactoflavin and
isoriboflavin, which are neither substrates nor inhibitors for flavokinase
(164, 177, 210), may inhibit cellular transport of riboflavin. The isolated
choroid plexus actively accumulates riboflavin against a concentration
gradient with an apparent K, of 78 uM (238).

Riboflavin is excreted unchanged in the urine and, in small amounts, in
feces. Renal excretion in man involves glomerular filtration, tubular secre-
tion, and tubular reabsorption (106). Renal clearance is relatively constant
at low serum flavin concentrations and increases to a maximum at flavin
plasma levels of 1 pg/ml (105). Probenecid, which inhibits a number of
renal transport processes, also inhibits renal clearance of riboflavin in hu-
man subjects (103, 106). Various drugs, natural substances, and physiologi-
cal conditions influence the urinary excretion of riboflavin (106). Some
biliary excretion as well as recycling by enterohepatic circulation probably
occurs; however, for man, this route accounts for a negligible portion of the
flavin excreted (106).

Association with Binding (Carrier) Proteins

Because riboflavin is primarily present in biologic fluids and tissues in
coenzymatic forms, it is presumed that apo-flavoenzymes are responsible
for the binding and retention of this vitamin in the body and that excess free
riboflavin should be excreted. Although subject to verification by further
studies, the available data on flavin levels in tissues support these assump-
tions.

Since it appears that riboflavin, not the coenzymes, is the major form of
flavin transported into cells, it is of interest to know the extent of its binding
by plasma proteins. The binding of 1.3 uM riboflavin to whole plasma,
individual plasma proteins at physiological concentrations, and recon-
stituted plasma has been measured by equilibrium dialysis (104). Binding
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by albumin (Kp = 0.77 mM at 37 C) accounted for most of the riboflavin
bound in whole plasma (42%), although other protein fractions (8-glo-
bulin > a-globulin > <y-globulin > fibrinogen) also bound significant
amounts. Analysis of the riboflavin content of human plasma proteins
resulted in the following distribution: 8-globulin > a-globuin > y-globulin
> B-lipoprotein > albumin (60). Although some of the riboflavin measured
in the latter study may have been in coenzymatic forms, riboflavin binding
by a substantial subfraction (1%) of the immunoglobulin (IgG) in normal
human plasma has been demonstrated (176). These IgG’s and other plasma
proteins may function when albumin is not available, for example, in hypo-
analbuminemia, in which there is a compensatory increase in other plasma
proteins. In addition, the binding of riboflavin to albumin may be due to
contaminants or subspecies of albumin, since it has been reported that
riboflavin is associated mainly with the cathodic edge of the albumin elec-
trophoretic band (32).

Other riboflavin-binding immunoglobulins have been found, including a
monoclonal IgA produced by mouse plasmacytoma MOPC-315 (51) and a
monoclonal IgG produced by a patient with multiple myeloma (53). Inter-
estingly, this patient did not show signs of riboflavin deficiency, despite the
very tight binding of riboflavin by IgG (53, 204).

Laying hens have two specialized riboflavin-binding proteins, which ap-
parently have the same polypeptides but differ in carbohydrate and phos-
phate composition (179, 199, 211). One is produced by the oviduct and is
incorporated into egg white (54); the other is synthesized in the liver in a
precursor form (62), and transported via blood (16, 62, 174, 175) to the
ovary for incorporation into the egg yolk (199). The biosynthesis of both
proteinsis induced by estrogens (188). These riboflavin-binding proteins are
required for storage of riboflavin in the egg for use by the developing embryo
(276). Avian riboflavinuria, in which laying hens lose riboflavin by glomeru-
lar filtration and produce eggs that do not mature beyond 10-14 days of
incubation, has been shown to be caused by a single genetic defect that
yields nonfunctional riboflavin-binding proteins (276).

Riboflavin-binding proteins have also been implicated in mammalian
reproduction. The plasma of pregnant cows contains a riboflavin-binding
protein absent in plasma from nonpregnant animals (172). This protein,
purified to homogeneity, had a low molecular weight and bound riboflavin
very tightly. A similar protein has been more recently identified and purified
from pregnant rats (186). Available evidence indicates that such high-
affinity, riboflavin-binding proteins are also found in human fetal (cord)
blood (176) and may explain the riboflavin found in the uterine secretions
of pigs (187) during portions of the estrus cycle. A factor in the plasma of
pregnant rats was found to cross-react with antibodies prepared against
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avian riboflavin-binding proteins (185). Injection of these antibodies into
pregnant rats resulted in fetal resorption. If this cross-reacting factor is the
mammalian riboflavin-binding protein, these results strongly suggest that
such carrier proteins are crucial for mammalian, as well as avian, reproduc-
tion. Riboflavin nutriture is of special importance during pregnancy. Inade-
quate consumption of this vitamin by pregnant laboratory animals yields
offspring with a variety of congenital malformations (265). Although these
effects have not been confirmed for humans, the frequent occurrence of
riboflavin deficiencies among certain pregnant women (38, 221) warrants
consideration. It is also possible that a number of drugs that influence
riboflavin status, including phenothiazine derivatives, boric acid, and possi-
bly oral contraceptives, pose dangers during pregnancy (216).

Conversion to Coenzymatic Forms

The first step in the utilization of riboflavin by tissues is its conversion to
the coenzyme FMN by flavokinase, or riboflavin kinase (ATP :riboflavin
5'-phosphotransferase, EC 2.7.1.26). Flavokinase is found in the cytosol of
numerous organisms (164), with especially high levels in liver and intestine
of animals (171). Microbial, plant, and partially purified mammalian
flavokinases have been extensively studied (for a review see Ref. 164).
Flavokinase has recently (177) been purified to apparent homogeneity
from an animal source (rat liver) by using flavin affinity chromatography
(175), and its kinetic mechanism has been studied (170). The purified en-
zyme has a nearly absolute specificity for ATP or dATP; a divalent cation
is required for maximal activity. Flavokinase interacts with a large number
of riboflavin analogues. Modifications at positions 3, 5, 6, or 7 of the
7, 8-dimethylisoalloxazine ring decrease binding and/or activity with

flavokinase. Some substitutions at position 8 are readily accommodated; for

example, roseoflavin is comparable to riboflavin as substrate. The 8a-
(amino acid) riboflavins are poor substrates and inhibitors. Riboflavin ana-
logues that lack the ribityl sidechain [e.g. lumiflavin, lumichrome, and 10-
(w-hydroxyalkyl)-7,8-dimethylisoalloxazines] are good inhibitors, whereas
isomers of the ribityl sidechain are generally poor substrates or inhibitors.

Several factors influence the activity of flavokinase (216). In riboflavin
deficiency, the tissue levels of flavokinase decrease by 11-45% for the rat
(171, 218); upon refeeding riboflavin, the activities in liver and intestine
recover rapidly, reaching normal levels within 6-8 h (171). This recovery
precedes the dramatic weight gain and general improvement of deficient
animals. Evidence for hormonal regulation of flavokinase activity has been
complicated by interfering levels of phosphatases, which mask activity by
hydrolyzing FMN (159). Nonetheless, it appears that ACTH administra-
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tion increases the rate of in vivo synthesis of FMN from riboflavin in liver
and kidney, presumably by increasing flavokinase (56, 214). Co-administra-
tion of aldosterone and riboflavin analogues [7,8-dimethyl-10-formylmethyl
isoalloxazine or 7,8-dimethyl-10-(2'-hydroxyethyl) isoalloxazine] decreased
the formation of renal FMN while increasing the urinary output of Na*,
compared to aldosterone alone (253); hence, it was concluded that stimula-
tion of FMN (and FAD) synthesis by aldosterone may be a causative factor
in the increased reabsorption of Na*. Thyroid hormones also change the
FAD content in liver; this may be due to regulation of flavokinase activity
(214). The increase in flavokinase activity induced by thyroxine is not
blocked by actinomycin D (214, 217). This finding, plus the observation that
an unidentified small molecule (possibly riboflavin) in liver extracts from
hyperthyroid animals apparently stabilizes the enzyme, suggests that thy-
roxin increases activity by modifying flavokinase degradation.

The enzyme that catalyzes the synthesis of FAD from FMN, FAD
synthetase (ATP: FMN adenylyltransferase, EC 2.7.7.2), has not yet been
purified to homogeneity. It is widely distributed in tissues (164) and is
mostly located in the cytosol (45). Studies of the partially purified enzyme
from rat liver have demonstrated an apparently absolute specificity for ATP
(162) (a divalent cation is also required). A variety of flavin 5'-phosphates
are substrates (162), including FMN analogues with modifications in the
flavin ring or sidechain. Interestingly, isoriboflavin inhibits activity with
FMN, which may explain its antagonistic effect in vivo (161, 164). The
FAD synthetase activity of various tissues has been found to increase in
riboflavin deficiency (55), in hyperthyroidism (214), and, perhaps, in cancer
(215).

The biosynthesis of proteins that have covalently bound flavin has been
studied on a molecular level only with a microbial system. The holoenzyme
of D-6-hydroxynicotine oxidase can be formed in a cell-free translation
system by using polysomes from nicotine-induced cells of Arthrobacter
oxidans (74, 75). Because [*H]adenine-labeled FAD was incorporated into
the nascent polypeptide, it appears that covalent attachment of the coen-
zyme occurs co-translationally. It is likely that FMN and FAD are also
utilized in the biosynthesis of the mammalian flavoproteins, since the
8a-(amino acid) riboflavins are not substrates for flavokinase (177). At
physiological levels, neither 8a-S-(cysteinyl)riboflavin nor 8a-N3-(histidyl)-
riboflavin adequately replaces or antagonizes riboflavin in rats (34). The
covalent incorporation of flavins into proteins of rat liver outer mitochon-
drial membranes is inhibited by cycloheximide (144), but only after a lag
of approximately 2 h. Hence, for some proteins, biosynthesis of the apoen-
zyme appears complete prior to covalent attachment of the flavin. Thyroid
hormones may be involved in regulating the formation of covalently bound
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flavins; administration increased the level of incorporation of radiolabeled
riboflavin into covalently bound forms in rat liver and brain (205).

The enzymes involved in the hydrolyses of FMN and FAD have been
characterized in impure forms. The FMN phosphatases are widespread
(166), have both acidic and basic. pH optima (164), and, at least for the
acidic phosphatase of liver, show a strong substrate preference for FMN
(166). Some catalyze the transphosphorylation of riboflavin (279), although
this reaction is probably of little physiological importance compared to that
catalyzed by flavokinase. The FMN phosphatase activities of rat liver and
intestine did not change significantly in riboflavin leficiency (171), but the
activity in liver was increased by administration of thyroid hormones. En-
zymes that catalyze FAD hydrolysis (FAD pyrophosphatase, EC 3.6.1.18)
are also found in most tissues (164). The FAD hydrolytic activity is elevated
in the serum of patients with liver disease and in some rat liver tumors (282).

COENZYME BINDING BY APOFLAVOPROTEINS

The reversible resolution of the flavin coenzymes from their respective
apoenzymes has been the focus of studies in many laboratories since the
demonstration by Theorell (252) of the resolution and reconstitution of the
FMN coenzyme from yeast NADPH-oxidoreductase (Old Yellow En-
zyme). Many FAD- and FMN-containing enzymes have been investigated;
values have been determined for dissociation constants ranging from
10-10t0 10-3 M. In most cases, the flavoenzyme under investigation becomes
amenable to reversible resolution when conditions are found to stabilize the
resultant apoenzyme. A recent review (91) outlines the methods used suc-
cessfully. Binding of flavin analogues to various apoenzymes has been em-
ployed as a probe of noncovalent flavin-protein interactions. To date, the
major number of such studies have dealt with the binding of riboflavin
analogues to the riboflavin-binding protein from egg white (35, 189, 263)
and the binding of FMN analogues to flavodoxins (11, 49, 64, 156),
NADPH-cytochrome ¢ reductase (5), NADPH diaphorase (222), Old Yel-
low Enzyme (1, 255), and liver pyridoxamine phosphate oxidase (115, 116,
173).

Studies on the FAD-requiring apoenzymes are not as numerous since
FAD analogues are more difficult to synthesize chemically, though both
flavin-derivatized (33) and adenosyl-replaced (165) analogues have been
tested with porcine b-amino acid oxidase and the former with adrenodoxin
reductase (138). The development of the widely specific flavokinase/FAD-
synthetase complex from Brevibacterium ammoniagenes (240) promises to
rectify this situation and provides the means to prepare a large number of
FAD analogues with ease.
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One important result of the studies completed thus far is the finding that
apparently the redox potential differences found among various flavin ana-
logues in solution also exist when they are bound to their coenzyme binding
site on the apoenzyme. The first demonstration of this was the finding (1)
that the energy of the long wavelength transition of the charge transfer
complex of phenolic compounds with Old Yellow Enzyme correlated di-
rectly with the oxidation-reduction potential of a number of FMN ana-
logues that had been reconstituted with the apoenzyme. Similarly, a
correlation of maximal catalytic activity with oxidation-reduction potential
of the reconstituting flavin analogue is known for the enzymes pyridoxam-
ine phosphate oxidase (173) and adrenodoxin reductase (138). It should be
pointed out that the validity of this correlation is for enzyme systems where
either reduction or reoxidation constitutes the rate-limiting step in catalysis.
For example, the replacement of FAD by 7,8-dichloro-FAD in pD-amino
acid oxidase (which differ in redox potential by 80 mV) does not affect the
maximal velocity since the rate-limiting step is product dissociation (148).

Flavin-binding studies that use analogues in which the sidechain has been
modified show the binding process to be more sensitive to alterations in the
sidechain, in general, than to ring modifications. An example of this is the
relatively high specificity exhibited by apoenzymes for their respective flavin
nucleotide (FMN or FAD). Lumiflavin, in which the ribityl sidechain is
replaced by a 10-methyl substituent, has a low affinity for practically all
apoflavoproteins tested. The stereochemistry of the ribityl chain has been
shown in a number of instances to be critical for holoenzyme reconstitution.
An early report (113) showed that synthetic L-riboflavin exhibited an-
tivitamin activity in vivo. Binding of flavin analogues varying in the side-
chain showed a marked dependence on chain length (5, 33, 64). The
presence of a 2'-hydroxyl group is important in the restoration of catalytic
activity of apo-D-amino acid oxidase (33), even though analogues deficient
in this group are tightly bound.

To date, our best insight into the nature of flavin-protein interactions
comes from the X-ray crystallographic studies (142, 267, 268) on the flavo-
doxins (low potential FMN-containing electron carriers), on glutathione
reductase (an FAD-containing enzyme) (227), and on p-hydroxybenzoate
hydroxylase (an FAD-containing enzyme) (274). The FMN moiety in flavo-
doxin is in an extended conformation with the ribityl phosphate sidechain
penetrating into the protein molecule (142, 267, 268). Numerous hydrogen
bonds are apparent in the interactions of the phosphate oxygens and of the
ribityl hydroxyl groups with the protein, though no electrostatic interac-
tions are apparent between the phosphate and any basic amino acid groups.
The isoalloxazine ring is largely shielded from the solvent, with only the
dimethylbenzenoid portion exposed to the solvent milieu. Thus, flavin ana-
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logues with bulky substituents at position 8 can be tightly bound (192, 235).
Additional binding studies show the same situation exists for Old Yellow
Enzyme (1) and for pyridoxamine-5'-phosphate oxidase (173); however,
apparently the opposite is true for the riboflavin-binding protein from egg
white (35, 263). 4
Although the X-ray data on glutathione reductase is not yet at the leve

of that for the flavodoxins, conclusions regarding the binding of FAD can
be made. One end (presumably dimethyl benzenoid) is in a hydrophobic
milieu, whereas the other end “forms an electron-dense bridge to the back-
bone of the other subunit” (227). The geometry of the FAD-binding site is
similar to that of other nucleotide-binding proteins: The adenine ring is
“stretched” away from the isoalloxazine ring while the linking pyrophos-
phate moiety interacts strongly with the polypeptide backbone. For p-
hydroxybenzoate hydroxylase ( 274), the dimethylbenzene ring also appears
to point toward the solvent. Furthermore, positions 2 and 3 of the ureido-
ring are hydrogen bonded to protein groups. The N-5 edge of the flavin ring
is oriented toward the substrate p-hydroxybenzoate. It appears almost
certain from studies of model compounds and flavoprotein structures that
interactions such as hydrogen bonding at the pyrimidine ring and stacking
of the 7,8-dimethylisoalloxazine ring and aromatic amino acids are respon-
sible for the alterations in redox chemistry obtained upon binding the flavin
to an apo-flavoprotein.

INFLUENCE OF NUTRITIONAL STATUS ON
FLAVOPROTEINS

The available literature on the influence of nutritional status on flavo-
proteins is so vast that a complete review cannot be attempted here due to
space limitations. The physiological responses to inadequate dietary intake
of riboflavin are numerous and, depending on the extent and duration of the
deprivation, severe (69, 213). Typically, growth is stunted and a variety of
lesions appear, including changes in skin, degeneration of tissues, and
teratogenic effects that may result from effects on multiple metabolic path-
ways.

However, remarkable differences occur in the relative depletion of partic-
ular flavoproteins and in the results for different tissues (25). Lipid metabo-
lism is altered dramatically in ariboflavinosis and there are corresponding
alterations in cell structure and function (85). Because flavoproteins are
involved in the metabolism of other vitamins, synergistic effects are ex-
pected upon consumption of suboptimal levels of several vitamins. Ribofla-
vin nutriture also influences the microsomal drug-metabolizing enzyme
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systems (28). Reports are also becoming more common on the treatment
of metabolic diseases, such as recessive congenital methemoglobinaemia
(112, 234) and glutaric aciduria (18), by administration of riboflavin.

A number of toxic compounds found in dietary foodstuffs inhibit flavoen-
zyme activities. The component responsible for the animal toxicity of In-
digofera endecaphylla Jacq. was identified in 1954 as 3-nitropropionic acid
(182), which subsequently was found to be widely distributed in nature (3).
In its dianionic form, 3-nitropropionate is isoelectronic with succinic acid
and was found to be an irreversible inhibitor of succinate dehydrogenase (3).
Later studies (40) showed that inhibition was due to the formation of
3-nitroacrylate (the product of the succinate dehydrogenase-catalyzed oxi-
dation of 3-nitro-propionate), which inactivates the enzyme by reacting
with a thiol group at the substrate binding site. Thus, 3-nitropropionate
irreversibly inhibits mitochondrial respiration by functioning as a “suicide”
substrate of the flavoenzyme succinate dehydrogenase.

Two other naturally occurring inhibitors of flavin enzymes have been
found that interfere with essential metabolic pathways. The amino acid
analogue hypoglycin A is present in the unripe arillus of the aekee fruit
(Blighia sapida), which when ripe serves as a dietary staple in Jamaica.
Ingestion of the unripe fruit leads to the often fatal Jamaican vomiting
sickness (251). Hypoglycin drastically reduces the flavoenzyme acylcoen-
zyme-A (CoA) dehydrogenase activity, consistent with the notion that the
compound interferes with fatty acid B-oxidation (89). The active agent is
methylenecyclopropylacetyl-CoA, a hypoglycin metabolite (118).

The naturally occurring compound Rhein (4,5-dihydroxyanthraquinone-
2-carboxylic acid) is a derivative of Sennosides, a name applied to certain
glycosides that occur in plants of the genus Cassia (117). This compound
has been found to be a competitive inhibitor (X;=2 uM) of mitochondrial
NADH dehydrogenase (119) and other enzymes such as mitochondrial
transhydrogenase, DT-diaphorase, and lactate and malate dehydrogenases.

Antagonistic action between drug therapy and nutritional intake can
occur. The development of drugs based on the site-specific irreversible
inhibition of target enzymes is an active area of research. A flavoenzyme
that is the object of such activity is monoamine oxidase, which functions
to regulate the level of biogenic amines in vivo. Antidepressant drugs that
irreversibly inhibit monoamine oxidase were found to have a serious side
reaction known as the “cheese effect” (14). The inhibition of the enzyme
led to aninterference with the metabolism of ingested amines; some patients
under treatment with antidepressant drugs who ate tyramine-containing
foods such as cheese showed a marked rise in blood pressure, which some-
times proved fatal. The development of deprenyl, an irreversible monoa-
mine oxidase inhibitor without the adverse “cheese effect” side reaction
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(129), alleviated the antagonistic reaction between this drug therapy and
nutritional intake by a mechanism currently under investigation.

FLAVOPROTEIN REACTIONS AND MECHANISMS

Survey of Flavoenzymes

Flavoproteins are remarkable in the diversity of chemical reactions they
catalyze. As shown in Table 2, their functions include 1-electron transfers,
dehydrogenation reactions (both pyridine nucleotide dependent and inde-
pendent), reactions with sulfur-containing compounds, hydroxylations, ox-
idative decarboxylations, dioxygenations, and reduction of O, to hydrogen
peroxide. Each reaction is considered below. Table 2 catalogs most known
mammalian flavoenzymes. While concentrating on the mammalian en-
zymes, we also consider a variety of bacterial enzymes whenever their
mechanisms provide a groundwork for understanding the mammalian en-
Zymes.

The goals of research on flavoproteins can be considered as threefold.
First, the types of reactions that free flavins are capable of carrying out and
their chemical mechanisms must be delineated. A large number of studies
have been published along these lines, often using model flavin compounds,
and the reader is referred to recent review articles and symposia for details
beyond ‘the scope of this review (21, 22, 80, 83, 109, 202, 230, 262, 280).
A second goal, and the one to which this section is largely devoted, is to
determine which reactions occur biologically and what the chemical and
kinetic mechanism is for each physiologic reaction. Considerable interest
during the past 10 years has focused on covalent flavin-substrate or flavin-
oxygen adducts as intermediates in the electron transfer process. A third
goal (and one as yet largely unrealized) is to determine how an apoprotein
stabilizes one reaction pathway for a particular flavoenzyme. This function
of apoprotein is illustrated by the 10,000-fold increase in reactivity of oxy-
gen with reduced flavin when the coenzyme is bound in the enzyme
p-hydroxybenzoate hydroxylase. Progress in describing the immediate pro-
tein environment of bound flavin is being made by using several techniques,
including electron paramagnetic resonance (EPR) as well as visible
absorption spectroscopy (see below), X-ray crystallography (142, 227, 267,
268, 274), chemical and photochemical derivatization of the active site
(257), 13C-labeled NMR (139, 184), and chemically modified flavins to
probe the steric and charge requirements of the flavin binding site (173).
Recent reviews and symposia have considered specific aspects of flavo-
protein reaction mechanisms, including flavoprotein dehydrogenases (275),
monoxygenase (58, 147), oxidases (20), complex flavoenzymes (i.e. those
containing one or more redox-active groups in addition to the flavin) (78),
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Table 2 Redox-active mammalian and selected bacterial flavoproteins

—_——

classed according to reaction type

Example

Example

Reaction type/enzyme electron donor electron acceptor Comments Ref.
1-electron transferase
Bacterial flavodoxins — — — 157
FMN of NADPH-cytochrome P~450 FAD of same Cytochrome P-450 Microsomal 259, 275
reductase? enzyme
ETF Fatty acyl-CoA ETF-ubiquinone oxido- Mitochondrial 72,157
dehydrogenase reductase
ETF-ubiquinone reductase? ETF Coenzyme Q, respiratory Iron-sulfur flavo- 223
chain protein, mito-
chondrial
Dehydrogenases
Pyridine nucleotide dehydrogenases or
reductases
Cytochrome b5 reductase NADH Cytochrome bg Microsomal 141, 244, 275
Methemoglobin reductase NADH Methemoglobin Erythrocyte 141, 275, 285
FAD of NADPH-cytochrome P-450
reductased NADPH FMN, same enzyme Microsomal 95,259,275
Methylene tetrahydrofolate reductase NADP)H N35,N10.Methylene tetra- — 23, 46
hydrofolate
Adrenodoxin reductase NADPH Fe,S,* of adrenodoxin Mitochondrial 92,93, 127,133
NADH dehydrogenase? NADH Iron sulfur center, same Mitochondrial iron- 78
enzyme sulfur flavoprotein
Menadione reductase NADPH Menadione — 130
Vitamin K-epoxide reductase NADH Vitamin K 2,3-epoxide Microsomal 228,273
Xanthine dehydrogenase/oxidage? Xanthine NAD*/0, Contains iron-sulfur, 9,19, 276
molybdenum
Iodotyrosine deiodinase NADPH Mono- and diiodotyrosine Bovine thyroid 220
Superoxide-forming oxidase NADPH 0, Human neutrophils 43
Azoreductase NAD(P)H Some azo dyes Liver cytosol 88



Annu. Rev. Nutr. 1981.1:281-317. Downloaded from www.annualreviews.org
by Central College on 01/04/12. For personal use only

Table 2 (Continued)

Example Example
Reaction type enzyme electron donor electron acceptor Comments Ref.
Nitrate reductase NAD(P)H Nitrate — 196
NADH-FMN oxidoreductase NADH FMN, as substrate -_ 98
Non-pyridine nucleotide dehydrogenases
Succinate dehydrogenase? Succinate Fe,;S,*, same enzyme Mitochondrial 78
Fatty acyl-CoA dehydrogenase (3 types)- Fattyacyl-CoA’s ETF Mitochondrial, 3 72
acyl chain length-
dependent enzymes
L-Glycerol phosphate dehydrogenase L-Glycerol ETF Mitochondrial 78
phosphate
Dihydroorotate dehydrogenase Dihydroorotate Coenzyme Q Mitochondrialb 59,122,180
Choline dehydrogenase (2 forms)
mitochondrial Choline Coenzyme Q —_ 78, 229
cytosolic Choline NAD* - 78, 229
Dimethyl glycine dehydrogenase Dimethylglycine —_ Mitochondrial 61
Sarcosine dehydrogenase Sarcosine Electron transport chain Mitochondrial 61
Trimethylamine dehydrogenase Trimethylamine Fe4S4*, same enzyme Bacterial 242
Pyridine nucleotide-disulfide oxide
reductases?
a-Ketoacid dehydrogenase —_ — — 203
Lipoamide dehydrogenase NADPH Enzyme disulfide Mitochondrial 149,275
Glutathione reductase NADPH Enzyme disulfide —_ 31,197
Thioredoxin reductase NADPH Enzyme disulfide -_ 135,275
Dehydrogenase-oxygen reductase reactions
Flavoprotein oxidases [O,>H,0,] .
D-Amino acid oxidase Glycine 0, Peroxisomes 79, 97, 120, 169
L-Amino acid oxidase L-Tryptophan 0, Peroxisomes, mito- 44, 79, 169
chondria
Glucose oxidase D-Glucose 0, - 281



Glycollate oxidase
Aldehyde oxidase?®

Monoamine oxidase?

Polyamine oxidase
L-Gulono-y-lactone oxidase

Pyridoxamine 5’-phosphate
oxidase
Sulfhydryl oxidase

Flavoprotein monoxygenases (%0, — H,0]
Intemal—R-ClH—COO‘ - R-CO, +CO,

OH
Lactate monoxygenase
External— (R-H - R-OH)
Bacterial hydroxylases (at least 8 types)
Microsomal FAD-containing
monoxygenase
Bacterial luciferase

Kynurenine 3-hydroxylase

Glycollate
R-CHO

Serotonin
Spermidine
L-Gulono-y-
lactone
Pyridoxamine

5'-phosphate
2 RSH

Lactate
NADPH

NADPH
FMNH,

NADPH

0,

Contains iron and
molybdenum

Outer mitochondrial
membrane

Rat liver microsomes

Seminal vesicle
secretions

Bacterial

Microsomal

Light is a reaction
product, bacterial

Outer mitochondrial
membrane

99, 158, 236
19

42, 284

84
123

116

198

58,147

58, 147

71

147, 190
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38These flavoenzymes are complex flavoenzymes, defined here as any flavoprotein containing one or more additional redox-active groups. When
possible, the redox-active group that acts as a direct electron acceptor/donor from the flavin is specified in the adjacent columns. For example,
although the succinate dehydrogenase complex catalyzes reduction of coenzyme Q, the direct electron acceptor from flavin is a 2 iron, 2 labile-
sulfur center (Fe,S,*); thus FeyS, rather than coenzyme Q is specified as the electron acceptor to more closely define the role of the flavin,
When the direct acceptor is not known with certainty, the entire enzyme complex is specified. NADPH-cytochrome P-450 reductase is classified

under two headings to describe the roles of each of its two flavins, ETF-ubiquinone reductase is tentatively classed under 1-electron transferase,
but may be subject to reclassification should further studies demonstrate other functions. Among the enzymes that might be flavoproteins, but
that were not listed, are O-acylthiamin oxidase (108), histaminase (111), ‘‘demethylase” (181), N-alleyl-lysinase (201), and S-hydroxytrypto-

phan pyrrolase (256).

bThe flavin content of mammalian enzymes has not been firmly established.
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and flavodoxins (157). This section provides a general overview of flavo-
protein mechanisms, emphasizes recent advances, and, where possible, re-
lates flavoenzyme function with structure.

One-Electron Transferases

Flavins can exist in three oxidation-reduction states: oxidized, semiquinone
(1-electron reduced), and fully reduced (2-electron reduced). Perhaps the
simplest reaction catalyzed by flavoenzymes is a 1-electron transfer, which
utilizes only two oxidation-reduction states. Catalysis of a 1-electron trans-
fer by a flavoprotein is exemplified by the bacterial flavodoxins that accept
an electron from a low redox potential center and donate an electron to a
higher potential 1-electron acceptor (157). These FMN-containing enzymes
utilize the fully reduced and neutral semiquinone, but not the oxidized form
in their cycle of electron transfers:

E-FIH,..

Donor ————~1e~ ——/(' )\ le” Acceptor

E-FI1H-»

These systems operate at negative midpoint potentials, ranging from -335
to -450 mV for the F1H-/F1H; couple (157). The protein, in addition to
dictating donor/acceptor specificities, modulates the properties of the
bound flavin: Binding of the flavin stabilizes the semiquinone form by 6-8
kcal (10), or stated in another way, the protein raises the oxidation-reduc-
tion potential of the FI/F1H- couple. The protein exerts this effect by
preferentially binding the semiquinone state; the binding site provides a
better geometric and ionic “fit” for the flavin semiquinone than for oxidized
or fully reduced flavin. In this way, the apoprotein modulates the potential
of the isoalloxazine moiety and can apparently stabilize either 1- or 2-
electron transfer pathways. In addition, protein-bound FMN semiquinone,
because of the increase in midpoint potential (FI/FIH.), is poorly reactive
with oxygen, whereas free flavin is rapidly autooxidizable (157).
Although no flavodoxins have been discovered in mammalian systems,
the FMN portion of the NADPH-cytochrome P-450 reductase (95, 258,
259) appears to bear a striking functional similarity to flavodoxins. This
microsomal enzyme contains both FAD and FMN and transfers electrons
from NADPH to microsomal cytochrome(s) P-450, which function in a
variety of drug and steroid oxidations (41). As in flavodoxin, the FMN
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portion of this enzyme has a thermodynamically stable neutral semiquinone
(96, 150, 260), which is poorly reactive with oxygen (95, 150) and probably
cycles between the semiquinone and fully reduced forms.

Recent studies (73) have suggested a different mechanism for 1-electron
transfers by the FAD-containing electron transferring flavoprotein (ETF):
This enzyme is involved in the transfer of electrons from the FAD-protein
fatty acyl-CoA dehydrogenase to the mitochondrial electron transport
chain via the recently discovered membrane-bound flavoprotein ETF-
ubiquinone oxidoreductase (223). The anionic (red) flavin semiquinone of
ETF was shown to function catalytically (73), and cycling between the
oxidized and semiquinone states was suggested. The iron-sulfur flavoprotein
ETF-ubiquinone oxidoreductase (223), the electron acceptor from ETF, is
also tentatively classified in Table 2 as a l-electron transferase, though
definitive classification will require further studies.

Dehydrogenases

Dehydrogenation or net removal of proton(s) plus electrons is a common
flavoenzyme reaction. Data have not provided a unified flavoenzyme-
mediated dehydrogenation mechanism and at least two classes of mecha-
nisms must be considered; thus enzymes are cataloged under pyridine
nucleotide-dependent and non-pyridine nucleotide-dependent dehydroge-
nases. In addition, some enzymes in both categories (see footnote to Table
2) are classed as complex flavoenzymes or flavoproteins that contain one or
more additional redox-active groups (hemes, second flavins, or iron-sulfur
centers). A special category of complex flavoproteins is also listed sepa-
rately: pyridine nucleotide-disulfide oxidoreductases. This class of enzymes
has a redox-active disulfide and is involved in reactions with sulfur-contain-
ing compounds.

PYRIDINE NUCLEOTIDE-DEPENDENT DEHYDROGENASES Pyridine
nucleotide-dependent dehydrogenases catalyze 2-electron transfer reac-
tions, carrying out the oxidation of NADH or NADPH to form
NAD(P)* by a net hydride transfer mechanism (two electrons plus one
proton). Indirect evidence for hydride transfer from reduced pyridine nu-
cleotides has been provided by model reactions (245, 277). Direct hydrogen
transfer to the 5 position of a flavin analogue, 5-deazaflavin, has been
observed in at least seven different flavoenzymes when the deazaflavin
coenzyme was bound in place of FMN or FAD (57, 100). Whereas hydro-
gens at N-1 or N-5 exchange rapidly, the deazaflavins “trap” transferred
hydrogen in a stable configuration (191, 240); hence, these findings provide
strong evidence that flavin can be bound in such a geometry as to allow
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direct hydrogen transfer from pyridine nucleotides and other substrates
(possibly as hydride ion). Nevertheless, it has been argued (81) that 5-
deazaflavin bears more of a chemical resemblance to pyridine nucleotide
than to isoalloxazine and therefore is activated for hydride transfers at the
C-5 position. Results therefore may not reflect the mechanism that occurs
with the native isoalloxazine ring system.

Anintermediate in the reduction of flavin by pyridine nucleotide has been
observed in model systems (15, 207) and in various enzymes (1, 145, 149,
207) and is characterized by long wavelength absorbance. The chemical
nature of such a species has been proposed to be either a charge transfer
complex or a biradical complex. One such long wavelength-absorbing com-
plex has been recently demonstrated by Porter & Bright (207) to be a
precursor of hydrogen transfer from pyridine nucleotide. Although such
species have been observed for a large number of flavoprotein-substrate
complexes (145), the rigorous demonstration of charge transfer has been
accomplished in only one enzyme system (1) and it is not clear whether this
species is involved catalytically. Thus, the precise chemical mechanism for
2-electron transfer from pyridine nucleotides to enzyme flavins remains
uncertain, but appears to differ in many respects from dehydrogenation of
other non-pyridine nucleotide substrates (see below).

NON-PYRIDINE NUCLEOTIDE-DEPENDENT DEHYDROGENASES

Non-pyridine nucleotide-dependent hydrogenases (Table 2) are involved in
the removal of hydrogens from substrates, often creating double bonds, as
in the dehydrogenation of succinate to form fumarate or of fatty acyl-CoA’s
to form a-8 unsaturated fatty acyl derivatives. A growing body of evidence
indicates that at least some flavin-catalyzed dehydrogenations occur via a
mechanism thatinvolves proton abstraction from substrate with consequent
carbanion formation and subsequent or simultaneous formation of a cova-
lent adduct of substrate with the N-5 position of the flavin. Evidence for
proton abstraction and a carbanion intermediate has been reviewed (262).
The use of B-chloroalanine as a substrate for D-amino acid oxidase! results
in loss of chloride ion under anaerobic conditions. Such a result is expected
if the enzyme abstracts a proton to form a substrate a-carbanion, which
subsequently rearranges in the absence of oxidant to eliminate the 8-halo
substituent (264). Studies on lactate oxidase showed that when a transition
state analogue that does not contain an abstractable proton reacts with the

'The enzymes classified in Table 2 under oxygen reductases have dehydrogenase activities
discussed here.
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enzyme, a proton is rapidly taken up from solution (66). These authors
propose that when a normal substrate is bound, a basic residue abstracts a
proton from substrate to form a substrate carbanion. Additional evidence
that suggests carbanion intermediates comes from studies that use “suicide
substrates,” or substrates that when acted upon by an enzyme produce
reactive intermediates that inactivate the enzyme. Production of these reac-
tive species by various flavoenzymes would require abstraction of a sub-
strate proton. Strong evidence was provided for a covalent flavin-substrate
intermediate during the oxidation of nitroethane by p-amino acid oxidase
(206); using cyanide to chemically “trap™ an N-5 covalently bound species,
the authors deduced the existence of a covalent N-5 flavin-substrate inter-
mediate. Glycollate oxidation by lactate oxidase results in an N-5 covalent
fluorescent adduct of substrate and flavin, the formation of which is depen-
dent upon hydrogen abstraction, and the kinetics of which are consistent
with it being on the normal reaction pathway (66, 67, 146). These studies
suggest the picture of flavoprotein dehydrogenation shown in Figure 2. An
enzyme base abstracts a proton to form a substrate carbanion that then
forms an N-5 covalent adduct with flavin. Subsequent breakdown of the
adduct produces reduced flavin and oxidized substrate. A histidyl residue
has been implicated as the functional base in pyridoxamine (pyridoxine)
5'-phosphate oxidase (86).

COMPLEX FLAVOPROTEINS Flavins and flavoproteins have long been
known to combine both their 2-electron dehydrogenase and 1-electron
transferase activities to yield a 2 — 1 electron “stepdown’ activity in which
an electron pair from substrate is split and donated to two l-electron
acceptors (76, 178). The existence of three oxidation states in flavin allows
such a transformation to occur. The simplest case utilizes only the flavin
group, which is fully reduced by substrate and which becomes oxidized in
two successive 1-electron transfers to 1-electron acceptors. Such appears to
be the case for NADH reduction of cytochrome bs by the microsomal
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Figure 2 Flavoprotein-catalyzed dehydrogenation.
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flavoprotein NADH-cytochrome bs reductase (244). However, a large
number of flavoprotein dehydrogenases also contain one or more additional
1-electron-carrying redox-active groups (see Ref 110 for a recent review),
including iron-sulfur centers and hemes. The fully reduced flavin transfers
one electron at a time to the second redox group on the enzyme prior to
reduction of the ultimate electron acceptor. Such a pattern is utilized fre-
quently (see Table 2) in the oxidation of various substrates (including
NADH and succinate) by the mitochondrial electron transport chain and
is also used in the oxidation of NADPH by the microsomal NADPH-
cytochrome P-450 reductase (see above). Kinetic mechanisms for flavin-
flavin (283), flavin-iron-sulfur (133), and flavin-heme (29, 30) electron
transfers have been reported, but little is known of the chemistry of these
flavin to second group electron transfers. Model complexes between flavin
and metals have been reported (136), but their relation to physiologic
systems is unclear. Flavin-iron-sulfur interactions in mitochondrial mem-
brane-associated succinate dehydrogenase have been investigated (194,
225). EPR spectroscopy was used to ascertain that the flavin resides near
the surface of the enzyme, iron-sulfur centers I and II near the flavin, and
iron-sulfur center III deeply buried in the mitochondrial membrane and in
contact with a bound coenzyme Q. In trimethylamine dehydrogenase, flavin
and iron-sulfur centers are very close (probably <10 }x) (233). The adrenal
cortex enzymes NADPH-adrenodoxin reductase (an FAD protein) and
adrenodoxin (an Fe,S, protein) form a tightly associated 1:1 complex (37,
134), which may provide a model for more complex iron-sulfur flavoen-
zymes such as succinate dehydrogenase. Electron transfer from flavin to
iron-sulfur in this system has been shown to be rate limiting in NADPH-
supported cytochrome ¢ reduction (132, 133). When the midpoint redox
potential of either center is varied (using flavin derivatives or pH), the rate
of cytochrome ¢ reduction is correlated with the difference between redox
potentials of flavin and iron-sulfur (133, 138).

PYRIDINE NUCLEOTIDE-DISULFIDE OXIDOREDUCTASES A 2-elec-
tron transfer reaction catalyzed by glutathione reductase, lipoamide dehy-
drogenase, and thioredoxin reductase is the reversible reduction of dithiols
(R-S-S-R + NADPH/H' s 2RSH + NADPY) (275). Each of these en-
zymes contains an oxidation-reduction-active disulfide. This group is
located near the flavin, based upon the observation of apparent charge-
transfer between a proposed thiolate anion of the reduced disulfide and the
oxidized flavin (149). This thiolate anion is stabilized by a basic amino acid
residue, and a C-4a flavin adduct with a cystinyl sulfur is proposed as an
intermediate in the electron transfer process (154). Model studies (21)
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support the existence of such an adduct. X-ray data of glutathione reductase
(227) show a cystinyl sulfur next to the flavin 4a position and a nearby
histidine, which could act as the active site base. The crystal structure also
demonstrates that reaction with pyridine nucleotide and cystinyl sulfur
must occur on opposite faces of the isoalloxazine ring system. Sulfur-con-
taining substrates react at the redox-active disulfide and do not appear to
react directly with the flavin.

Dehydrogenase/Oxygen Reductase Enzymes

In a large number of flavoenzymes with dehydrogenase activities, the re-
duced flavin reacts with oxygen to reduce oxygen to one of several forms.
Many of the dehydrogenase-electron transferases discussed above can re-
duce oxygen to superoxide anion (O,) in a l-electron reaction. Flavo-
protein oxidases catalyze the 2-electron reduction of O, to hydrogen
peroxide with both electrons derived from substrate, whereas flavin monox-
ygenases catalyze the reduction of oxygen to water with the concomitant
hydroxylation of substrate (one oxygen atom ends up in H,O and one ends
up in substrate). Flavin monoxygenases can be further classified into “inter-
nal” and “external” types. For internal monoxygenases all electrons for the
reaction arederived from the hydroxylated substrate. Flavoprotein internal
monoxygenases catalyze the oxidative decarboxylation of a substrate (R-
CHOH-CO;~ + O, - R-CO; + CO, + H,0). As pointed out in recent
reviews (58, 147), this reaction may be a variant of the flavoprotein oxidase
reaction in which hydrogen peroxide produced at the active site then reacts
with the bound dehydrogenated substrate. External flavin monoxygenases
obtain electrons for hydroxylation from NAD(P)H. In flavoprotein diox-
ygenases, both oxygen atoms end up in substrate. Examples of each reaction
type are provided in Table 2.

A catalytic role for a covalent adduct of oxygen and flavin has been
proposed based upon several lines of evidence: An oxygen-containing spe-
cies of flavin has been observed in several bacterial external monoxygenases
(52, 209, 226, 239), bacterial luciferase (77), and mammalian microsomal
FAD-containing monoxygenase (12, 208). In the luciferase system (a flavin-
dependent system, of which one reaction product is light), this enzyme-
bound species can be produced enzymatically from reduced FMN plus
O, and can be isolated from reactants at low temperature (77). Upon
warming, the species yields oxidized FMN plus H,0,, thus suggesting the
species is a flavin hydroperoxide. Various structures for such a species have
been proposed based on model studies and theoretical considerations (82,
143, 183, 184). A stable C-4a hydroperoxyflavin derivative has been synthe-
sized (121) with spectral properties similar to this species. In addition, flavin
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derivatives carrying an oxygen substituent at C-4a produce a spectrum
virtually identical to the catalytic oxygenated species when the derivative
is bound to a variety of hydroxylase and oxidase apoproteins (65). Convinc-
ing evidence for a C-4a oxygenated intermediate also comes from !3C-
labeled NMR studies (139, 184), and recent X-ray data of p-hydroxy-
benzoate hydroxylase (274) show the C-4a position (but not other proposed
positions) near the bound substrate to be hydroxylated. Thus, the
proposed oxygenated flavin intermediate involved in enzymatic monoxy-
genations is as shown in Figure 3.

Such an intermediate is involved catalytically and could be the active
oxygen donor to substrate. Studies that use salicylate hydroxylase to meta-
bolize various substituted salicylates (209), as well as similar studies in other
hydroxylases (90) suggest that the hydroxylating species of oxygen is elec-
tron deficient (oxenoid) and that the transition state involves the aromatic
substrate. Transfer of oxenoid oxygen from the C-4a hydroperoxyflavin has
been suggested to result in an open-ring flavin compound where the C-4a-N-
5 bond is broken. A kinetic intermediate with unusual spectral properties
has been reported (52) upon reoxidation of reduced p-hydroxybenzoate
hydroxylase-substrate complex by oxygen. Its formation follows the forma-
tion of the C-4a hydroperoxy intermediate, and the disappearance of the

‘4a-peroxy intermediate appeared to parallel substrate hydroxylation. These

authors suggest that the second intermediate represents a transient open-
ring form of flavin. Thus, a C-4a hydroperoxyflavin appears to be a catalytic
intermediate in substrate hydroxylations by external flavoprotein monox-
ygenases (12, 208), including the mammalian microsomal FAD-containing
monoxygenase.
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