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INTRODUCTION

Riboflavin [7,8-dimethyl-10-(1�-D-ribityl)isoalloxazine, vita-
min B2] (RF) is an obligatory component of human and animal
diets, as it serves as a precursor of the flavin coenzymes flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), which are involved in oxidative metabolism and other
processes. Commercially produced RF is used for animal
feed, as a dietary supplement, and as an additive by the food
industry.

The biosynthetic pathway of RF synthesis in microorgan-
isms and plants has been elucidated. It starts from GTP and
ribulose-5-phosphate and proceeds through pyrimidine and
pteridine intermediates. Flavin nucleotides are synthesized
in two consecutive reactions from riboflavin in prokaryotes
and eukaryotes. The pathway for the synthesis of the natural
RF analog 5-deazariboflavin shows some similarities to that
for RF. The antibiotic roseoflavin, which is a natural RF
analog [7-methyl-8-dimethylamino-10(1�-D-ribityl)isoalloxa-
zine], is probably synthesized from RF. Some microorgan-
isms and all animal cells are capable of RF uptake, and
many microorganisms, especially RF overproducers, have
distinct systems for RF excretion (efflux) to the medium.

Regulation of RF synthesis occurs at the level of enzyme
activity and synthesis. In yeasts, the first enzyme of RF synthe-
sis, GTP cyclohydrolase II, is regulated by allosteric inhibition
exerted by FAD and other nucleotides containing an adenylic
moiety. The physiological role of this regulation is not known.
Regulation of RF synthesis at the gene level differs in bacteria,
yeasts, and fungi. In bacteria, production of RF is repressed at
the transcriptional level by FMN, which binds to nascent non-
coding mRNA and blocks further transcription (the so-called
riboswitch). In flavinogenic molds, RF overproduction starts at
the stationary phase due to derepression of enzymes involved
in RF synthesis and is accompanied by sporulation and myce-
lial lysis. In flavinogenic yeasts, transcriptional repression of
RF synthesis is caused by iron ions. The putative transcription
factor encoded by SEF1 is somehow involved in this regulation.

Most commercial RF is currently produced by microbial
synthesis. For this, special selected strains of the bacterium
Bacillus subtilis, the mold Ashbya gossypii, and the yeast Can-
dida famata (Candida flareri) are used. Whereas earlier RF
overproducers were isolated by classical selection, current pro-
ducers of RF and flavin nucleotides have been developed using
modern approaches of metabolic engineering that involve
overexpression of structural and regulatory genes of the RF
biosynthetic pathway as well as genes involved in the overpro-
duction of the purine precursor of riboflavin, GTP.

There are numerous reviews and one monograph on the
topic of the synthesis of riboflavin and other flavins. Most of
them appeared several years ago and are cited in appropriate
places in the current review. Readers are also referred to the
two most recent reviews (115, 178), which cover biochemical
pathways and the biotechnology of RF synthesis, respectively.
Here we have tried to provide balanced narratives on different
aspects of the biosynthesis and transport of RF, flavin nucle-
otides, and some other natural flavins, including the biochem-
istry, enzymology, and metabolic and genetic regulation of
these processes, construction of flavin overproducers using
classic selection and modern approaches of metabolic engi-
neering, and data on industrial production of RF. This review
is apparently the first in English to summarize the data on
iron-dependent regulation of RF synthesis in flavinogenic
yeasts and construction of yeast overproducers of RF and
flavin nucleotides.

RIBOFLAVIN AND FLAVIN NUCLEOTIDES (FMN AND
FAD) AND THEIR ROLE IN METABOLISM

Discovery and Occurrence

Riboflavin (RF) (vitamin B2) was discovered in 1879 as a
yellow pigment from milk and called lactoflavin. Its chemical
structure was deciphered by Paul Karrer (Zurich, Switzerland)
and Richard Kuhn (Heidelberg, Germany) in the 1930s (210,
244). They were awarded the Nobel Prize for this and other
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achievements in 1937 and 1938, respectively. Kuhn first proved
that RF is an essential growth factor, viz., vitamin B2.

The main sources of RF in diets are milk, dairy, and meat
products. In the United Kingdom, for example, milk and dairy
products contribute 51% of RF intake in preschool children,
35% in schoolchildren, 27% in adults, and 36% in the elderly
(356). Cereals, meats, and fatty fish are also good sources of
RF, and certain fruits and vegetables, especially dark green
vegetables, contain reasonably high RF concentrations. The
recommended daily intake of RF is 1.3 mg/day for men and 1.1
mg/day for women (122). RF deficiency is endemic in popula-
tions that lack dairy and meat products. RF deficiency may
contribute to increased concentrations of plasma homocys-
teine, with an associated increased risk of cardiovascular dis-
ease. Deficiency may also cause impairment in iron metabo-
lism and night blindness (356).

Chemical Structure and Properties

RF [7,8-dimethyl-10-(1�-D-ribityl)isoalloxazine] is a hetero-
cyclic compound produced by all plants and most microorgan-
isms. Animals and rare prokaryotic and eukaryotic micro-
organisms (e.g., Corynebacterium pyogenes, Streptococcus
pyogenes, Listeria monocytogenes, some lactic acid bacteria, my-
coplasmas, spirochetes, rickettsiae, and protists) cannot syn-
thesize RF and need to obtain it from their diets (or from the
medium), so RF must be considered a vitamin for them (85,
132, 208, 241, 356, 455, 494, 504). The growth response of
Lactobacillus casei to RF has been used for developing a mi-
crobiological assay for this vitamin (456). Proof of RF auxot-
rophy differs between organisms, e.g., based on the absence or
presence of RF biosynthetic genes or direct determination of
growth dependence on exogenous RF.

In animals, RF deficiency results in retarded growth, failure
to thrive, and eventual death (76). Experimental RF deficiency
results in growth failure, weakness, ataxia, and inability to
stand. Animals collapse, become comatose, and die. Deficiency
leads to dermatitis, hair loss, corneal opacity, cataracts, hem-
orrhagic adrenals, fatty degeneration of the kidney and liver,
and inflammation of the mucous membrane of the gastroin-
testinal tract (180). RF deficiency also leads to developmental
abnormalities (321, 523). Postmortem studies of animals fed an
RF-deficient diet showed that they had only a third of the
normal amount of RF in the liver (129), the main storage organ
for RF. RF deficiency is rarely observed in developed coun-
tries, though groups with a risk of low intake of RF are com-
mon (pregnant and lactating women, children, athletes, and
some categories of patients on certain medicines (125, 356).

The currently used name RF recognizes the presence of the
sugar alcohol ribitol in the molecule of this vitamin and the
yellow color of the substance. RF (Fig. 1A) usually does not
have direct metabolic functions in the living cell but serves as
a precursor for the synthesis of derivatives known as flavin
nucleotides or flavin coenzymes, i.e., riboflavin-5�-phosphate
(flavin mononucleotide [FMN]) (Fig. 1B) and flavin adenine
dinucleotide (FAD) (Fig. 1C). RF, FMN, and FAD are the
main representatives of the group of substances known as
“flavins.” In general, flavins are designated as derivatives of
the dimethylisoalloxazine {7,8-dimethylbenzo[g] pteridine-
2,4(3H,10H)-dione} skeleton, with a substitution in the 10 po-

sition. The properties of natural flavins have been well studied
(30, 33, 525a). RF and most other flavins are yellow com-
pounds with a characteristic yellow-green fluorescence in UV
light. Peak absorbances by aqueous solutions of RF occur at
223, 266, 373, and 445 nm. The maximum fluorescence emis-
sion of neutral aqueous RF solution is at 535 nm. Light absor-
bance and intense fluorescence are used in the analytical de-
termination of flavins. Different forms can be easily separated
by liquid chromatography (503). RF is slightly soluble in water
and ethanol; its solubility is 100 to 130 mg/liter and 45 mg/liter
at room temperature in water and absolute ethanol, respec-
tively (30). It is poorly soluble in allyl and benzyl alcohols, amyl
acetate, and phenol and practically insoluble in ether, chloro-
form, acetone, and benzene. RF is soluble in alkaline solution
but becomes unstable under these conditions. FMN is much
more soluble in water (30 to 50 g/liter) (30, 279).

In an acid medium, flavin nucleotides are hydrolyzed to free
RF. Flavin molecules possess amphoteric properties. They flu-
oresce only in the oxidized state. Optimal fluorescence occurs
at pH 3 to 8. The molecular coefficients of RF and FMN
fluorescence are very close, whereas that of FAD is signifi-
cantly lower (�20% of the molar fluorescence of RF and
FMN) due to fluorescence quenching by the adenylic moiety
(204). Irradiation of flavins leads to their decomposition, pro-
ducing derivatives with totally or partially degraded ribityl
chains; lumiflavin (7,8,10-trimethylisoalloxazine) is accumu-
lated in alkaline solutions, whereas lumichrom (7,8-dimethyli-
soalloxazine) is produced at neutral and acid pHs. RF and
other flavins produced water-insoluble complexes with salts
of metal ions, e.g., Mg2�, Hg2�, Cu2�, Fe2�, Co2�, and Ni2�

(33, 374).

Analytical Methods

As mentioned above, flavins intensely absorb light and flu-
oresce, making these properties important in most assays (30,
503, 549). More complicated is assaying individual flavins
within mixtures. Thus, different approaches have been pro-
posed, e.g., paper (30, 56), ion-exchange (536), and thin-layer
(147) chromatography, paper (533) and capillary (186) elec-
trophoresis, specific RF extraction by 2-phenylethanol (478),
or separation on silica gel and other resins (93). Currently,
flavins are separated by high-performance liquid chromatog-
raphy (379, 503, 549) with subsequent fluorescence detection,
approaches that are approved by AOAC International (240).

Other Natural Flavins

In addition to RF, FMN, FAD, and products of their pho-
tolysis (lumiflavin and lumichrome), there are other natural
flavins. Most well known are 5-deazaflavins, which are deriva-
tives of flavins in which nitrogen in the 5 position of the
isoalloxazine heterocyclic structure is replaced by carbon. One
deazaflavin, 7,8-didemethyl-8-hydroxy-5-deazaflavin, has a
ribitylated derivative known as coenzyme F0, and an oligoglu-
tamylated derivative of F0 (coenzyme F420) (Fig. 1D) is in-
volved in hydride transfer during reductive transformation of
carbon dioxide and acetate into methane in methanogenic
archaea (103, 151, 258, 299, 514). Coenzyme F420 has also been
found in certain streptomycetes, in which it serves as a cofactor
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in the biosynthesis of tetracycline and lincomycin (74, 189, 347,
369). Mycobacterium and Nocardia spp. use coenzyme F420 as a
cofactor of glucose-6-phosphate dehydrogenase (359, 360).
Cofactor F420 is required for the activation of experimental
antituberculosis drugs by Mycobacterium tuberculosis and My-
cobacterium bovis strain BCG (43, 476). Although F420 con-

tains a 5-deazariboflavin moiety, its biochemistry is more sim-
ilar to that of NAD(P) than to that of FMN/FAD (42). In its
deprotonated 8-hydroxy form, coenzyme F0 is known to act as
a cofactor of DNA photolyases from the cyanobacteria Syn-
echocystis spp. as well as the eukaryotes Scenedesmus spp.,

FIG. 1. Chemical structures of flavins.
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Ostreococcus tauri, and Drosophila melanogaster (104, 105, 146,
385).

Some natural flavins have a reddish-orange color, e.g.,
the antibiotic roseoflavin [7-methyl-8-dimethylamino-(1�-D-
ribityl)isoalloxazine] (Fig. 1E), which is produced by Strepto-
myces davawensis and is active against Gram-positive bacteria
(333, 334). The basidiomycete Schizophillum commune pro-
duces two RF derivatives, known as schizoflavins: 7,8-dimethyl-
l0-(2,3,4-trihydroxy-4-carboxybutyl)isoalloxazine (RF acid or
riboflavinoic acid) and 7,8-dimethyl-l0-(2,3,4-trihydroxy-4-
formylbutyl)isoalloxazine (RF-aldehyde or riboflavinal) (488).
Their exact metabolic functions are unknown. Other closely
related compounds are molybdopterins (279), which consist of
a pyranopterin, a complex heterocycle featuring a pyran fused
to a pterin ring. In addition, the pyran ring has two thiolates
that serve as ligands in molybdo- and tungstoenzymes (198).
Natural flavins found as prosthetic groups of several enzymes
in the strict anaerobe bacterium Peptostreptococcus elsdenii are
6-hydroxy-7,8-dimethyl-isoalloxazine and 7-methyl-8-hydroxy-
isoalloxazine (142). Nekoflavin, identified as 8�-hydroxyribo-
flavin, was isolated from the choroid of cat eyes (297). This
flavin, together with another hydroxyl derivative, 7�-hydroxy-
riboflavin, was also found in human urine (326). Glycoside
derivatives of RF and other isoalloxazines are quite common,
i.e., RF glucosides, RF galactosides, and RF oligosaccharides,
produced by some species of bacteria, yeasts, and mycelial
fungi (485). Lampteroflavin, the riboflavinyl �-ribofuranoside,
proved to be a light emitter in the mushroom Lampteromyces
japonicus (499). Plants frequently secrete RF and its deriva-
tives RF-5�-sulfate and RF-3�-sulfate under conditions of iron
starvation (484).

Chemical syntheses resulted in a large collection of analogs
of RF (30, 33, 249), and their biological activities have been
studied in bacteria and animal models (152, 250, 279, 515).
Some of them possessed significant antibacterial or antiprotist
activities. Strong antibacterial activity also was found for 8-N-
alkyl analogs of roseoflavin (212, 213).

Biological Role of Flavins

The chemical entity responsible for the diverse biological
activity of flavin is the isoalloxazine moiety. It exists in three
redox states: (i) the oxidized or quinone state, (ii) the one-
electron reduced or semiquinone (radical) state, and (iii) the
two-electron reduced (fully reduced) or hydroquinone state.
Flavin is an amphoteric molecule existing as neutral, anionic,
and cationic species in all three redox states (290). The redox
potential for the two-electron reduction of the flavin is about
�200 mV. However, this value can greatly vary in flavoproteins
due to the crucial role of the protein environment in the
properties of flavins, spanning a range from approximately
�400 mV to �60 mV. In general, the proximity of a positive
charge is believed to increase the redox potential, and a neg-
ative charge or a hydrophobic environment is expected to
lower it (130).

Flavins are essential to the nutrition of all prokaryotic and
eukaryotic cells. Their significant biological role in most cases
is connected with the coenzyme functions of FMN and FAD.
These nucleotides bind to proteins, producing flavoproteins
(flavoenzymes). There is one exception: free RF is the active

redox cofactor for the Na�-pumping NADH:quinine oxi-
doreductase in Vibrio cholerae (200). Hundreds of flavopro-
teins are currently known (290), and new ones are being re-
ported every year. It is currently estimated that on average of
1 to 3% of the genes in bacterial and eukaryotic genomes
encode flavin-binding proteins (81). Most flavoproteins con-
tain noncovalently bound FAD and, more rarely, FMN. Most
flavin-protein interactions involve the N-10 side chain, i.e., the
ribityl side chain of FMN or FAD. Relatively few flavoproteins
contain covalently bound coenzymes (FAD). Covalent binding
of coenzymes increases the oxidative power of the enzyme
(131). Covalent attachment occurs between the 8 position of
the flavin ring system and a histidine and/or between the 6
position and a thiol group of a cysteine residue (527). This
covalent linkage is a result of autoxidation (80).

Redox reactions. Flavins fulfill their biological functions
through an ability to transfer one and two electrons from
hydrogen atoms and hydride ions. Therefore, they can partic-
ipate in redox reactions as either a one- or a two-electron
mediator, making the flavoenzymes very versatile in terms of
substrate and type of reactions, which is a major reason for the
ubiquity of flavin-dependent enzymes in biological systems. In
contrast, the other redox cofactors usually catalyze exclusively
either one- or two-electron processes (100). The reactions cat-
alyzed by a flavoenzyme always involve two separate half-re-
actions, i.e., reductive and oxidative half-reactions, both of
which are necessary for the turnover of the enzyme. The In-
ternational Union of Biochemistry adopted a classification for
flavoenzymes based on their reaction substrates, recognizing
five classes of flavoenzymes that catalyze reactions with net
redox change: (i) transhydrogenase, where two-electron equiv-
alents are transferred, along with the appropriate hydrogen
ions, from one organic substrate to another; (ii) dehydroge-
nase-oxidase, where two-electron equivalents are transferred
to the flavin from an organic substrate, where molecular oxy-
gen is the oxidizing substrate, being reduced to H2O2; (iii)
dehydrogenase-monooxygenase, where the flavin is reduced
generally by a reduced pyridine nucleotide and where on oxi-
dation with O2 in the presence of a cosubstrate, one atom of
oxygen is inserted into the cosubstrate while the other is re-
duced to H2O; (iv) dehydrogenase-electron transferase, where
the flavin is reduced by two-electron transfer from a reduced
substrate and then reoxidized in sequential single-electron
transfers to acceptors, such as cytochromes and iron-sulfur
proteins; and (v) electron transferase, where the flavin is re-
duced and reoxidized in one-electron steps (171, 192, 298,
311).

It has to be pointed out that isoalloxazine chromophore is
involved in redox reactions, whereas the side chain serves for
binding to apoflavoproteins. Flavocoenzymes can form very
complex catalytic sites involving more than one flavin coen-
zyme (both FMN and FAD), modified flavins, and/or addi-
tional cofactors, such as iron-sulfur clusters (69, 271, 332, 375).

Reactions with no net redox change. Although most flavo-
proteins carry out reactions with net redox changes, there are
a number of unusual flavoproteins that catalyze reactions with
no net redox change. These fall into 4 groups: (i) those that
utilize two-electron flavin chemistry (N-methylglutamate syn-
thase and 5-hydroxyvaleryl-coenzyme A [CoA] dehydratase),
(ii) others that involve free radical flavin chemistry [chorismate
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synthase, DNA photolyase, (6-4)photolyase, and 4-hydroxybu-
tyryl-CoA dehydratase], (iii) a number in which the role of
flavin remain unclear [(R)-2-hydroxyacyl-CoA dehydratases,
isopentenyl diphosphate isomerase, and UDPgalactopyranose
mutase], and (iv) those that apparently do not involve the
flavin directly in catalysis (acetohydroxyacid synthases and hy-
droxynitrile lyase) (reviewed in reference 42).

Light emission and other processes. Flavins can also be
involved in nonrelated processes, one of them being phototro-
pism. FMN is the cofactor in phototropins of plants (53), which
are the blue light-sensitive photoreceptors responsible for pho-
totropism (bending responses of plants toward or away from
light sources) (188), chloroplast movement (166), and many
other functions. FMN is noncovalently bound in phototropin.
The cofactors of cryptochromes are FAD and methenyl tetra-
hydrofolate (269). FAD is also the redox- and light-sensitive
noncovalently bound chromophore in BLUF proteins (148).
They are also involved in a variety of nonredox processes, such
as blue-light sensing in plants (70, 262, 386). FMN-containing
fluorescent proteins have been engineered from the blue-light
photoreceptors of Bacillus subtilis and Pseudomonas putida;
after codon optimization, they have been heterologously ex-
pressed in bacteria and yeasts (95, 489, 496). In contrast to the
green fluorescent protein (GFP), the FMN-containing fluores-
cent proteins fluoresce in both the presence and absence of
oxygen, which is important for studying proteins under anaer-
obic conditions.

Flavins are also involved in circadian rhythm (135, 191, 384).
RF induces disease resistance in plants by activating a signal
transduction pathway (5, 94, 550) and is involved as the apop-
tosis-inducing factor in a mitochondrial flavoprotein (306).

Lumazine proteins. Some fluorescent bacteria of the genera
Photobacterium and Vibrio produce fluorescent proteins that
are also known as lumazine proteins. These proteins use 6,7-
dimethyl-8-ribityllumazine, an RF immediate biosynthetic pre-
cursor, as the noncovalently bound prosthetic group (236, 328,
349). In addition to 6,7-dimethyl-8-ribityllumazine, RF, FMN,
and 6-methyl-7-oxo-8-ribitylllumazine (the product of 6,7-di-
methyl-8-ribityllumazine oxidation) can be used as prosthetic
groups. Lumazine proteins act as optical transponders in the
above-mentioned fluorescent bacteria.

FMN as the precursor of coenzyme B12. FMN (but not
FAD) also possesses an important biological function in being
the biosynthetic precursor of the dimethylbenzimidazol part of
coenzyme B12 (63, 366, 367). Conversion of FMN to dimeth-
ylbenzimidazol involves a unique transformation reaction with
no precedent in chemistry, which includes retro-aldol conden-
sation sandwiched between two 2-electron oxidations (154,
519). The corresponding oxidoreductase BluB from Sinorhizo-
bium meliloti triggers the unprecedented fragmentation and
contraction of the bound FMNH2 and cleavage of the ribityl
tail to form dimethylbenzimidazol and d-erythrose 4-phos-
phate (488a).

Free flavins. Some biological functions can be fulfilled by
free flavins, including RF, as a rule when secreted from the
cells. In Helicobacter pylori, the excreted RF is thought to have
a role in Fe3� reduction and hence in iron acquisition (529),
and a similar role in Campylobacter jejuni has been suggested
(78). Secreted FMN and RF mediate extracellular electron
transfer involved in Fe3� and other cation reduction in che-

motrophic bacteria of the genus Shewanella (77, 287, 509).
Thus, free flavins participate as electron shuttles in the so-
called Mtr respiration pathway (important for a chemotrophic
mode of nutrition), in insoluble ion solubilization, and usually
in some geochemical cycles. Secretion of RF by microorgan-
isms, the physiological role of this process, and its regulation
are described below. Avian eggs contain RF, FMN, FAD, and
RF-binding protein (RBP), which are required for the active
transport of RF into the egg and storage of the RF needed
later in development (523, 535). Archaea also contain RF-
binding proteins (dodecins), also known as lumichrome-bind-
ing proteins, that are involved in the regulation of flavin ho-
meostasis (157, 158).

BIOCHEMICAL PATHWAYS OF RIBOFLAVIN
SYNTHESIS IN BACTERIA, FUNGI,

AND PLANTS

Animals and a few prokaryotes (e.g., some lactic acid bac-
teria) cannot synthesize RF de novo. All plants and fungi and
most bacteria are capable of RF production and are a source
of vitamin B2 for animals, including humans. At the same time,
all organisms, including animals, convert RF to the flavin co-
enzymes FMN and FAD.

The biochemical pathway of RF synthesis was mostly estab-
lished before 2000, based on research conducted in the United
States, Japan, Ukraine, Russia, and Germany. The crucial
breakthroughs in deciphering the pathway of RF synthesis
were made by Adelbert Bacher and his colleagues in Munich,
Germany. Biochemical reactions leading to synthesis of flavin
coenzymes FMN and FAD were established many years ago
(216, 218, 230, 403). At about the same time, the RF synthase
reaction leading to synthesis of RF from two molecules of its
immediate precursor 6,7-dimethyl-8-ribityllumazine was de-
scribed (165, 355). The role of purine compounds as precursors
of RF was known from the works of Goodwin in the middle of
the 20th century (150). The carbon atom of the purine precur-
sor and all carbon atoms of the pyrimidine ring were incorpo-
rated into the RF molecule (7). Later it was established that
some guanylic compound at the nucleoside or nucleotide level
acts as precursor of RF and that this ribose moiety of the
purine precursor is transferred to the ribityl side chain of RF
(18, 27, 272, 282). Finally, the first reaction of the pathway
leading to RF, that with GTP cyclohydrolase II, was described
(123, 416). After this finding, it became clear that RF synthesis
starts from GTP, which in the GTP cyclohydrolase reaction is
converted to a phosphorylated pyrimidine derivative. Such
phosphorylated ribosylated pyrimidine has to be converted in
some way to nonphosphorylated ribitylated pteridine (the
above-mentioned 6,7-dimethyl-8-ribityllumazine) and then
again to the nonphosphorylated ribitylated modified isoallox-
azine (RF). Further work on the pathway was hampered by the
instability of phosphorylated ribosylated pyrimidine interme-
diates of RF synthesis. The most intricate was the identifica-
tion of reactions involved in the conversion of the pyrimidine
precursor of RF to the pteridine precursor. In these reactions
an intermediate of the pentose phosphate pathway, ribose-5-
phosphate or its derivative (273, 275a, 276), later identified as
ribulose-5-phosphate (506, 507), is involved.

Various approaches have been used to decipher the RF
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biosynthesis pathway. To identify the nature of what were
thought to be the purine precursors of RF, cell feeding with
radioactively labeled purines, inhibitors of purine interconver-
sion, and mutants defective in specific steps of purine metab-
olism were used (reviewed in references 10, 14, and 414).
Identification of the 4-carbon compound involved in convert-
ing the pyrimidine precursor of RF to the pteridine precursor
was based on synthesis of the pteridine precursor (6,7-dimethyl-
8-ribityllumazine) by cell extracts of wild-type cells and RF-
defective mutants after addition of the putative source of the
4-carbon compound (275a, 276, 506). The intermediates in RF
synthesis were investigated after their accumulation in the cul-
ture media of RF-deficient mutants of the yeasts Saccharomy-
ces cerevisiae and Pichia (Candida) guilliermondii and of
Bacillus subtilis; they were subsequently identified by physico-
chemical methods (16, 17, 272, 331, 420). The tentative path-
way was confirmed after isolation of the corresponding en-
zymes, followed by cloning and mutation of the structural
genes involved in the pathway (14, 115, 414). Additional model
organisms used for studying RF biosynthesis are the flavino-
genic yeast Candida famata (Candida flareri) and the molds
Ashbya gossypii and Eremothecium ashbyii.

The biochemical pathways of RF synthesis appeared to be
similar, but not identical, in bacteria, fungi, and plants (see
below). Surprisingly, the pathways of RF synthesis are identical
in eubacteria and plants but different in fungi and archaea
(112–115). One important step in RF synthesis remains un-
known, namely, the conversion of the phosphorylated pyrimi-
dine derivative of RF to its nonphosphorylated derivative (the
dephosphorylation step). The biochemical pathways leading to
production of other natural flavins, such as deazaflavins and
roseoflavin, remain to be elucidated and await future study.

Comprehensive reviews of the biochemistry of RF synthesis
have been published by Bacher and his colleagues (13, 14,
112–115). The following brief overview of the RF biosynthesis
pathway is based on these reviews and recent publications.

The pathway of RF synthesis (Fig. 2) starts from two pre-
cursors, GTP (one molecule) and ribulose-5-phosphate (two
molecules).

GTP Cyclohydrolases II and III

The first reaction of RF biosynthesis is catalyzed by GTP
cyclohydrolase II (EC 3.5.4.25); this term is used to distinguish
it from GTP cyclohydrolase I (EC 3.5.4.16), which is involved
in biosynthesis of folic acid and biopterin. GTP cyclohydrolase
II removes C-8 from GTP, producing formate; the enzyme also
removes pyrophosphate. It was first isolated from cell extracts
of Escherichia coli (123); however, the role of the enzyme in
RF biosynthesis was first established using RF auxotrophs of
the flavinogenic yeast P. guilliermondii (416, 425). To some
extent, the mechanisms of the GTP cyclohydrolase I and II
reactions are similar, although the final products of the reac-
tions are different (46, 112). The product of the GTP cyclohy-
drolase II reaction is 2,5-diamino-6-ribosylamino-4(3H)-
pyrimidinedione phosphate (123, 124). Alternatively, GMP is
formed as the reaction product with a rate of �10% of that for
the major pyrimidine product (373). GTP cyclohydrolase II
from E. coli is the homodimer and contains Zn2� ions as a
cofactor per subunit, being activated by Mg2� (206, 257, 371).

The enzyme properties were studied in the bacteria E. coli (35,
123, 206), B. subtilis (185), Helicobacter pylori (32), and Strep-
tomyces coelicolor (461), the flavinogenic yeast P. guilliermondii
(412, 418, 425), and the model plant Arabidopsis thaliana (174).
Yeasts and some bacteria (e.g., E. coli) contain separate genes
coding for GTP cyclohydrolase II (in yeasts designated RIB1)
(266, 330, 331, 420, 546), whereas plants and other bacteria
(e.g., B. subtilis) contain the fused gene coding for a protein
with two domains, one with GTP cyclohydrolase II activity and
another with the activity of 3,4-dihydroxy-2-butanone 4-phos-
phate synthase (see below) (174, 185, 308). The three-dimen-
sional structure of GTP cyclohydrolase II is known (365). The
active center is formed by 3 cysteine residues, Cys54, Cys65, and
Cys67, which bind Zn2� as well as Arg128 and Tyr105 (206, 365).
The reaction starts by pyrophosphate release, which appeared
to be the rate-limiting step of the overall reaction, after which
imidazole ring opening and elimination of formate occur (206,
373).

In H. pylori, GTP cyclohydrolase II is involved in determin-
ing its hemolytic phenotype; heterologous expression of the
corresponding gene ribAB in E. coli induces hemolytic activity
of the recipient strain (32, 108).

Archaea and some eubacteria also contain another GTP
cyclohydrolase, GTP cyclohydrolase III, which catalyzes the
conversion of GTP to 2-amino-5-formylamino-6-ribosylamino-
4(3H)-pyrimidinone 5-phosphate, i.e., the formylated deriva-
tive of the product of GTP cyclohydrolase II (151, 181, 461). In
other words, GTP cyclohydrolase III, in contrast to GTP cyc-
lohydrolase II, hydrolyzes the imidazole ring of GTP but does
not remove the resulting formyl group from the formamide. It
is noteworthy that the product of GTP cyclohydrolase III is the
intermediate of the GTP cyclohydrolase II reaction (151, 402).
In the archaeon Methanocaldococcus jannaschii, GTP cyclohy-
drolase III is apparently involved in biosynthesis of RF (and
deazaflavin), as the product of this reaction undergoes formate
cleavage by the specific formamide hydrolase (160). Thus,
the 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinedione phos-
phate, the product of GTP cyclohydrolase II, is produced in
archaea by the consecutive action of GTP cyclohydrolase III
and formamide hydrolase. It is also interesting that the gene
coding for GTP cyclohydrolase III from archaea has no ho-
mology with genes coding for GTP cyclohydrolase II, whereas
the genes display high homology in S. coelicolor (461).

Reductase and Deaminase

In the next two reactions, deamination of the amino group at
position 2 and reduction of the ribosyl side chain to ribityl take
place (Fig. 2). The sequence of deamination and reduction is
distinct in fungi and archaea on the one hand and bacteria and
plants on the other (14, 112, 113). In yeasts and fungi, the
enzyme catalyzing the second reaction of RF biosynthesis, 2,5-
diamino-6-ribosylamino-4(3H)-pyrimidinone 5-phosphate re-
ductase [another name is 2,5-diamino-6-ribitylamino-4(3H)-
pyrimidinone 5-phosphate synthase] (EC 1.1.1.193), uses
NADPH for reduction of the product of the GTP cyclohydro-
lase II reaction (21, 179, 305, 330, 377, 417). In S. cerevisiae the
corresponding gene is RIB7 (330), whereas in P. guilliermondii
it is RIB2 (420). In archaea and rare eubacteria, 2,5-diamino-
6-ribosylamino-4(3H)-pyrimidinone 5-phosphate reductase,
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like enzymes from fungi and yeasts, also acts as the distinct
enzyme in the second step of RF biosynthesis (67, 153, 377). In
archaea, it uses both NADPH and NADH as reductants. The
genes coding for reductases from the pathogenic yeast Candida
glabrata, the extremophilic eubacterium Aquifex aeolicus, and
the archaeon M. jannaschii were cloned and expressed in E.
coli, and the corresponding proteins from these organisms

were isolated in a purified state. All three enzymes catalyze an
identical reaction (67, 377). The 3-dimensional structure of the
enzyme from M. jannaschii has been determined by X-ray
crystallography (67).

In the third step, hydrolytic deamination of the 2,5-diamino-
6-ribitylamino-4(3H)-pyrimidinone 5�-phosphate to 5-amino-
6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5�-phosphate oc-

FIG. 2. Biosynthesis of riboflavin and flavocoenzymes. (Reproduced from reference 112 with permission of the Royal Society of Chemistry.)
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curs in A. gossypii and S. cerevisiae (21, 179, 323). The
corresponding enzyme (EC 3.5.4.26) is encoded by genes RIB2
in S. cerevisiae and RIB3 in P. guilliermondii (331, 420). The
enzymes have been partially purified; however, the properties
of the fungal deaminase involved in RF biosynthesis have not
been studied in detail. No enzyme classification numbers have
been assigned for reductases and deaminases from fungi and
archaea. In archaea, the deaminase gene has not yet been
identified.

In eubacteria, e.g., E. coli and B. subtilis, the hydrolytic
deamination of 2,5-diamino-6-ribosylamino-4(3H)-pyrimidi-
none 5-phosphate occurs before reduction of the ribosyl side
chain (14, 60, 119, 372). These bacteria possess bifunctional
(2-domain-containing) deaminase-reductase enzymes encoded
by one gene, called ribD in E. coli and ribG in B. subtilis (372).
The deamination domain, diaminohydroxyphosphoribosyl-
aminopyrimidine deaminase (EC 3.5.4.26), is located in the
C-terminal part of the protein, whereas the reductase domain
(EC 1.1.1.193) is located in the N-terminal region. Expres-
sion of truncated genes encoding only deaminase or reduc-
tase domains gave active enzymes, but these were unstable.
Bifunctional deaminases-reductases, the products of the E.
coli ribD and B subtilis ribG genes, were isolated in their
homogenous state, and X-ray crystallography was used for
studying their structure (68, 473). The rate of the E. coli
deaminase reaction exceeds that of the reductase reaction,
suggesting that there is no channeling between the two ac-
tive sites (281).

Apparently plants, like eubacteria, contain a gene coding for
deaminase and reductase. The gene from A. thaliana has been
cloned and has homology with the ribG gene of B. subtilis,
coding for the bifunctional deaminase-reductase. A synthetic
gene with optimized codon sequences encoding the N-terminal
part of the A. thaliana gene product was expressed in E. coli.
The resulting protein was obtained in a homogenous state and
catalyzed the diaminohydroxyphosphoribosylaminopyrimidine
deaminase reaction of the RF biosynthetic pathway (119). The
mechanism of the reductase reaction in plants has not been
studied to date. The corresponding plant enzyme could not be
identified by genome comparison, apparently having a very
specific amino acid sequence (113).

Dephosphorylation of 5-Amino-6-Ribitylamino-2,4(1H,3H)-
Pyrimidinedione 5�-Phosphate

5-Amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5�-phos-
phate, which is produced after the first three reactions of RF
biosynthesis, undergoes further dephosphorylation giving 5-amino-
6-ribitylamino-2,4(1H,3H)-pyrimidinedione, and only this last
compound is used in the lumazine synthase reaction, the next step
in RF synthesis (112, 113, 115). However, the mechanism of
dephosphorylation is not known. The corresponding mutants
have not been isolated after screening of hundreds of RF auxo-
trophs of B. subtilis, E. coli, S. cerevisiae, P. guilliermondii, and C.
famata (23, 331, 420, 511). The involvement of nonspecific phos-
phatases in the biosynthesis of RF is unlikely, as this enzyme
would not discriminate between the products of GTP cyclohydro-
lase II, reductase and deaminase, which are all phosphorylated.
One may assume that an unknown phosphatase is involved simul-
taneously in the biosynthesis of RF and some other compound;

therefore, the corresponding mutants cannot be detected among
RF monoauxotrophs. The activity of this hypothetic phosphatase
has to be very high, as industrial B. subtilis recombinant RF
producers were isolated by overexpression of the RF operon,
which apparently does not contain the phosphatase gene (185,
343).

3,4-Dihydroxy-2-Butanone 4-Phosphate Synthase

The pyrimidine precursor of RF [5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione] is then converted to the pteri-
dine compound, 6,7-dimethyl-8-ribityllumazine. Conversion of
one ring of the pyrimidine compound to two condensed-ring
pteridines requires the joining of a 4-carbon compound. The
origin of these 4 carbons was the subject of long-lasting dis-
cussions. It has been suggested that the donor could be diac-
etyl, acetoin, intermediates of pentose phosphate pathway,
hexoses, trioses, and the ribityl residue of 5-amino-6-ribityl-
amino-2,4(1H,3H)-pyrimidinedione (20, 112, 414). The struc-
ture of the 4-carbon precursor of RF was elucidated using a
cell-free system of RF synthesis in the flavinogenic yeast P.
guilliermondii (276). The pyrimidine precursor of RF, 5-amino-
6-ribitylamino-2,4(1H,3H)-pyrimidinedione, was converted to
RF in cell extracts of the wild-type strain and to 6,7-dimethyl-
8-ribityllumazin in extracts of rib7 mutants defective in RF
synthase. Production of 6,7-dimethyl-8-ribityllumazin was stim-
ulated by addition of ribose-5-phosphate but did not occur in
the P. guilliermondii rib6 RF auxotroph (273). Later it was
shown that the 4-carbon RF precursor was 3,4-dihydroxy-2-
butanone 4-phosphate, which is produced in a single enzymatic
step from ribulose-5-phosphate. The corresponding enzyme
was isolated from P. guilliermondii and then characterized
(506–508). The enzyme (EC 4.1.99.12) catalyzes the elimina-
tion of carbon 4 of the substrate as formate. Work with the
purified enzyme confirmed the skeletal rearrangement postu-
lated on the basis of in vivo studies. This reaction is character-
ized by extraordinary complexity. The 3,4-dihydroxy-2-bu-
tanone 4-phosphate synthase has now been isolated from many
organisms (112). The enzyme from E. coli is a homodimer with
a molecular mass of 47 kDa (220, 370). Similarly, in B. subtilis
and plants 3,4-dihydroxy-2-butanone 4-phosphate synthase is
the part of the fused protein also containing GTP cyclohydro-
lase II (113, 174). GTP cyclohydrolase is located at the C-ter-
minal end of the fused protein, whereas 3,4-dihydroxy-2-bu-
tanone 4-phosphate synthase occupies the N-terminal part of
the protein. The structure of this synthase was studied by X-ray
crystallography and nuclear magnetic resonance (NMR) spec-
troscopy (99, 220, 263, 264, 465, 466). In addition to its known
function in RF synthesis, the synthase also functions somehow
in the regulation of mitochondrial respiration, as the corre-
sponding S. cerevisiae rib3 knockout mutant grew with RF in a
glucose medium but not in a glycerol or ethanol medium (197).

The active site of 3,4-dihydroxy-2-butanone 4-phosphate
synthase was localized by crystallographic analysis of the en-
zymes from the archaeon M. jannaschii and the pathogenic
yeast Candida albicans in a complex with ribulose-5-phosphate
(99, 465, 466). A highly conserved loop comprised of several
acidic amino acid residues is essential for catalysis, as shown by
studies with a variety of mutant proteins (120).
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Lumazine Synthase

6,7-Dimethyl-8-ribityllumazine synthase, or lumazine syn-
thase (EC 2.5.1.B6), catalyzes the condensation of 5-amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione with 3,4-dihydroxy-
2-butanone 4-phosphate. The enzyme was first isolated from B.
subtilis as a complex with RF synthase, known as “heavy RF
synthase” (12). This designation led to some confusion. Study-
ing lumazine synthase became possible after identification
of the aliphatic 4-carbon precursor of RF, 3,4-dihydroxy-2-
butanone 4-phosphate (506, 507). Currently, lumazine syn-
thases have been purified from many prokaryotic and eukary-
otic organisms, and the corresponding genes have been cloned
and sequenced (47, 137, 226, 248, 315, 316, 318, 346).

The lumazine synthase proteins can be divided into 2
groups; enzymes from fungi, yeasts, and certain eubacteria
form c5-symmetric homopentamers, whereas those from
plants, archaea, and many eubacteria are represented by cap-
sids of 60 identical subunits that are characterized by icosahe-
dral 532 symmetry and a mass of �1 MDa. The icosahedral
lumazine synthases can be best described as dodecamers of
pentamers. The subunit folds are all very similar. The topolog-
ically equivalent active sites (5 in the case of the pentameric
enzymes and 60 in the case of the icosahedral enzymes) are all
located at the interfaces between adjacent subunits in the pen-
tamer motif. The structural complexity of some of these pro-
teins is in surprising contrast with the absence of any amino
acid residues that can individually be of major importance for
the enzyme-catalyzed reaction (112, 118). In Bacillaceae, luma-
zine synthase and RF synthase form a complex comprising an
icosahedral capsid of 60 lumazine synthase subunits and a core
of 3 RF synthase subunits (see below for more details) (12, 19).
In spite of the difference in protein organization, alignment of
amino acid sequences shows high homology among all luma-
zine synthases for which the crystal structure is known (139).
The pentameric enzymes of S. cerevisiae and Brucella abortus
contain inserts of 4 amino acids between helices a4 and a5,
which is hypothesized as being responsible for their inability to
form an icosahedral capsid as a consequence of steric hin-
drance (116, 231). Pathogenic bacteria belonging to the genus
Brucella contain 2 types of lumazine synthases; one type has
very low enzymatic activity and an unusual decametric struc-
ture that appeared to be an immunodominant antigen (556).

Lumazine synthase from the fission yeast Schizosaccharomy-
ces pombe is characterized by a bright yellow color, unlike
the case for all other lumazine synthases, which are color-
less. The yellow color is due to noncovalent binding of RF
together with small amounts of 6,7-dimethyl-8-ribitylluma-
zine (116). The molecular structure of lumazine synthases
has been analyzed in considerable detail by X-ray structure
and electron microscopy analyses. This was done for the
pentameric enzymes of S. cerevisiae and S. pombe and the
icosahedral enzyme of the hyperthermophilic eubacterium
Aquifex aeolicus, in complex with various structural analogs
of substrate and product and of putative intermediates (139,
231, 303, 551, 552).

Remarkably, the lumazine synthase reaction can proceed
without enzyme catalysis in dilute neutral-pH solutions at
room temperature, and thus the acceleration caused by the
enzyme is rather limited. Moreover, the activation energy of

the noncatalyzed reaction is lower than that of the enzyme-
catalyzed reaction, at least in the case of the enzymes from
eubacteria and spinach (118, 225).

Riboflavin Synthase

The final step in RF biosynthesis catalyzed by RF synthase
(EC 2.5.1.9) involves dismutation of 2 molecules of 6,7-dimethyl-
8-ribityllumazine, in which an exchange of a 4-carbon unit
occurs, thus transforming one of them into RF and the other
one into 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione,
the substrate of the lumazine synthase reaction (Fig. 2). This
enzyme was identified many years ago as the first enzyme of
the pathway of RF biosynthesis in flavinogenic fungi (246, 284,
291). Later, RF synthases from the flavinogenic fungus A.
gossypii and baker’s yeast (S. cerevisiae) were isolated in a
purified form, and the mechanism of the reaction was studied
in detail by Plaut and his colleagues (165, 352, 353, 355, 513).
Currently, genes coding for RF synthases have been cloned
from S. cerevisiae and other organisms, including the yeast S.
pombe, the eubacteria B. subtilis and E. coli, and the plant A.
thaliana. The properties of the corresponding enzymes have
also been studied in detail (117, 140, 265, 389). All the enzymes
mentioned are homotrimers. However, RF synthases from ar-
chaea are homopentamers, with unrelated amino acid se-
quences (121, 362).

Whereas the RF synthases of the archaea M. jannaschii and
Methanobacterium thermoautotrophicum share no similarity
with those of eubacteria and eukaryotes, they have significant
sequence similarity with 6,7-dimethyl-8-ribityllumazine syn-
thases (121), thus suggesting that RF synthases of archaea are
paralogs of lumazine synthase.

The reaction catalyzed by RF synthase can be formally de-
scribed as a dismutation involving the transfer of a 4-carbon
moiety between 2 identical substrate molecules of 6,7-dimethyl-
8-ribityllumazine. One molecule serves as the donor of the
4-carbon moiety used for conversion of the pteridine ring of
the substrate to the isoalloxazine ring of RF (340, 354). The
second product of that dismutation, 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione, serves as the substrate for the
preceding step of RF biosynthesis catalyzed by lumazine syn-
thase and is recycled by this enzyme. By their joint action,
lumazine synthase and RF synthase generate 1 mol of RF from
1 mol of GTP and 2 mol of ribulose 5-phosphate.

It is interesting that a very complex RF synthase reaction,
similar to the lumazine synthase reaction, goes spontaneously
without a catalyst. Appropriate conditions for the nonenzy-
matic conversion of 2 molecules of 6,7-dimethyl-8-ribitylluma-
zine to RF and 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidin-
edione are boiling water solutions at acidic or neutral pH (28,
29, 380).

A lumazine synthase/RF synthase complex with an unusual
quaternary structure has been found in Bacillaceae and has
been studied in more detail in B. subtilis (15, 247, 248). The
complex, referred to before as “heavy RF synthase,” consists of
an RF synthase homotrimer enclosed in the central core space
of the icosahedral lumazine synthase capsid (11, 114) (Fig. 3).
The structural details of this complex remain unknown. The
enzyme complex catalyzes the formation of one equivalent of
RF from 1 mol of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimi-
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dinedione and 2 mol of 3,4-dihydroxy-2-butanone 4-phosphate.
Kinetic analysis under steady-state conditions showed that RF
is formed more rapidly from the above-mentioned lumazine
synthase substrates than from 6,7-dimethyl-8-ribityllumazine.
This anomalous kinetic behavior has been attributed to sub-
strate channeling due to the confinement of the RF synthase
module inside the icosahedral capsids (114, 224). It is note-
worthy that the cavity of recombinant icosahedral lumazine
synthase capsids can be used in vitro for the containment of
nanocrystalline iron oxide (428).

The 3-dimensional structures of RF synthases from E. coli,
S. pombe, and plants have been determined by X-ray crystal-
lography, and their intramolecular sequence structures are
very similar. Structural studies show a folding pattern of 2
domains with close topologic similarity (140, 265, 401). This
2-domain architecture has important implications for the dis-
mutation mechanism. Recently, RF synthases without appar-
ent sequence similarity to the enzymes from eubacteria, fungi,
and plants have been cloned and characterized from the ar-
chaea Methanobacterium thermoautotrophicum and M. jann-
aschii (98, 121, 190). Sequence comparison indicates that the
pentameric archaeal RF synthases must have separated from
the lumazine synthase branch at a very early time in evolution.
In archaea, there is a fundamental difference in the stereo-
chemistry of the pentacyclic intermediate involved in the dis-
mutation of 6,7-dimethyl-8-ribityllumazine into RF and 5-
amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione in the last
step of RF biosynthesis (190). Notably, the active sites of the
RF synthase from archaea have the same basic topology as that
of lumazine synthase (362).

Fluorescent lumazine proteins, as already mentioned, pos-

sess sequence homology to RF synthase, although they are
devoid of enzymatic activity and are monomeric, in contrast to
trimeric RF synthases (236, 302, 349). The fluorescent proteins
may play a role in light emission from the respective host
organism. More specifically, energy is presumably transmitted
from the excited state of bacterial luciferase to a luminescent
protein, and thus the fluorescent proteins can serve as optical
transponders that modulate both the wavelength distribution
and the quantum efficiency in this process (254, 255). The
crystal structure of the lumazine protein from Photobacterium
kishitanii has been studied (393).

In general, the catalytic efficiencies and reaction rates of
the enzymes involved in RF biosynthesis are very low, fre-
quently around 1 catalytic cycle per min per enzyme subunit;
only reductases from yeasts and eubacteria possess much
higher catalytic rates (112). Low reaction rates of lumazine
and RF synthases are especially surprising, as these reac-
tions occur spontaneously without a catalyst. The above-
mentioned low efficiency of the catalysis of RF biosynthesis
enzymes apparently indicates the cell demand for a very
small amount of RF and flavin coenzymes and can be the
limiting factor in the construction of more efficient indus-
trial RF overproducers.

Riboflavin Synthesis in Different Organisms

Unexpectedly, the order of the reduction/deamination reac-
tions of the RF pyrimidine precursor is identical in fungi and
archaea (reduction followed by deamination) and different in
eubacteria and plants (112). Both eubacteria and plants
possess bifunctional GTP cyclohydrolase II/3,4-dihydroxy-2-
butanone 4-phosphate synthase, whereas fungi have separate
enzymes for each reaction (174). In bifunctional enzymes, the
GTP cyclohydrolase II domain is located at the C-terminal end
of the fusion protein. Presumably, there was either a single
evolutionary event in the gene or an unknown selection pres-
sure that led to the fusion of the corresponding coding se-
quences (174). Interestingly, the N-terminal sequences of plant
RF biosynthesis enzymes contain putative signals for chloro-
plast targeting (199). Thus, RF biosynthesis apparently occurs
inside chloroplasts, which may have evolved from ancient cy-
anobacteria.

Also unexpectedly, archaeal RF biosynthesis is similar to
that in fungi but unlike that in eubacteria. Archaea and fungi
first reduce and subsequently deaminate the pyrimidine pre-
cursor of RF. The archaeal RF biosynthesis pathway has sev-
eral unique features in that it uses GTP cyclohydrolase III for
catalysis of the first reaction and an additional specific hydro-
lase (see above). The RF synthases of archaea are dissimilar to
those from other organisms, although they have high homology
to lumazine synthases (153).

BIOSYNTHESIS AND DEGRADATION OF FLAVIN
NUCLEOTIDES FMN AND FAD

Organisms generally do not need free RF, which almost
always serves only as a precursor of flavin nucleotides. In
contrast to RF biosynthesis, which occurs only in plants, fungi,
and most prokaryotes, all organisms, including animals, can
synthesize the flavin nucleotides FMN and FAD (for further

FIG. 3. Computer-generated model of a heavy riboflavin synthase
complex. The capsid was generated using the coordinates from the
lumazine synthase 60-mer of B. subtilis (Protein Data Bank [PDB]
entry 1RVV) and from the riboflavin synthase trimer of E. coli (PDB
entry 1I8D). (Reproduced from reference 114 with permission of
Elsevier.)
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details, see a recent review on microbial synthesis of flavin
nucleotides [540]).

Riboflavin Kinase

FMN (RF-5�-phosphate) is produced by specific phosphor-
ylation of RF at the 5� position of the ribityl chain in a reaction
catalyzed by RF kinase (EC 2.7.1.26). The corresponding ac-
tivity in plants had been described many years ago (145, 310);
however, a detailed study of the enzyme properties was made
possible after the corresponding gene had been cloned and
overexpressed. Two groups of RF kinases are recognized. One
group is represented in fungi, plants, animals, archaea, and
(rarely) eubacteria by monofunctional RF kinase proteins (10,
26, 73, 211, 214, 289, 387, 390, 458, 537). The structures of S.
pombe and human RF kinases showed a novel family of phos-
phoryl-transferring enzymes (26, 211). The role of monofunc-
tional B. subtilis RF kinase in FMN synthesis in vivo has yet to
be clarified (177, 457, 458). In addition to monofunctional RF
kinases, bifunctional RF kinase/FAD synthetase is the main
enzyme involved in eubacterial flavin nucleotide biosynthesis
(101, 280, 286, 320). Regarding the bifunctional enzymes, the
N-terminal and C-terminal domains are related to nucleotidyl-
transferases and RF kinases, respectively (133). In plants, an-
other type of bifunctional RF kinase has been discovered,
which contains an FMN hydrolase domain (387). Located in
the N-terminal domain of the bifunctional protein, the FMN
hydrolase belongs to the haloacid dehalogenase superfamily of
enzymes. Eukaryotic RF kinases share sequence similarity to
the RF kinase parts of bifunctional enzymes from eubacteria.

RF kinases use oxidized RF and ATP as substrates, although
there is a B. subtilis RF kinase that uses reduced RF (219), and
the enzyme from Brevibacterium ammoniagenes uses met-
aphosphate as phosphate donor (320). The RF kinase reaction
is irreversible. In the case of bifunctional RF kinase/FAD syn-
thetase, phosphorylation of RF to FMN is essentially irrevers-
ible, while adenylylation of FMN to FAD is readily reversible
(101). In addition to providing cells with FMN, RF kinase can
fulfill other functions. For example, in Streptococcus agalactiae,
a gene (mreA) coding for RF kinase is responsible for resis-
tance to macrolide antibiotics (73).

The archaebacterium M. jannaschii contains different RF
kinases with no homology to RF kinases from other organisms
(4, 289). Archaeal enzymes represent a unique class of kinases
that use CTP instead of ATP as the phosphate donor. Another
EC number (EC 2.7.1.161) has been assigned to this RF ki-
nase.

Localization of RF kinases has been studied in several eu-
karyotes. For example, in S. cerevisiae, RF kinase is found in
both microsomes and inner mitochondrial membranes (22,
390). A mitochondrial location of RF kinases has been re-
ported in rat liver (24) and plants (143). However, a bifunc-
tional RF kinase/FMN hydrolase from A. thaliana is apparently
cytosolic (387). In S. cerevisiae, the RF kinase is a vital enzyme,
since deleting FMN1 is lethal (390). Interestingly, RF kinase
directly interacts with receptors of the tumor necrosis factor
(TNF), activates NADPH oxidase, and consequently stimu-
lates production of reactive oxygen species in mouse and hu-
man cells. Exogenous FMN and FAD could substitute for RF
kinase in this stimulation (543). RF kinase is rate limiting in

the synthesis of FAD, an essential prosthetic group of NADPH
oxidase.

FAD Synthetase

The enzyme of FAD synthesis, FAD synthetase or FMN
adenylyltransferase (EC 2.7.7.2), catalyzes transfer of adenylyl
moieties from ATP to FMN. In eukaryotic organisms, only
monofunctional FAD synthetases are known, whereas in bac-
teria, FAD synthetases that act as part of bifunctional RF
kinase/FAD synthetase were found (133, 134). Genome se-
quence analysis of nearly 800 prokaryotes revealed a bifunc-
tional RF kinase/FAD synthetase with conservation of several
consensus regions and highly conserved residues. The N-ter-
minal and C-terminal domains of the products of analyzed
genes are related to nucleotidyltransferases and RF kinases,
respectively. The structure of the bifunctional enzyme in the
thermophilic bacterium Thermotoga maritima has been re-
ported. This structure shows that the enzyme is folded in 2
domains and comprises one ATP-binding site in each of the
domains, with a single flavin-binding site (517, 518). A struc-
tural model of the bifunctional enzyme from Corynebacterium
ammoniagenes has been proposed (133, 173). In B. subtilis, a
bifunctional RF kinase/FAD synthetase, specific for reduced
flavins, has been reported (219).

Amino acid sequencing shows that bacterial and eukaryotic
FAD synthetases belong to 2 different protein superfamilies,
which apparently utilize different sets of active-site residues to
accomplish the same reaction (184). Monofunctional eukary-
otic FAD synthetases have been cloned and overexpressed
from yeasts (403, 531), mammals (54, 300, 327), and plants
(388). There is only one FAD synthetase in yeasts, whereas
human and plant cells contain 2 isoforms and corresponding
genes (54, 388, 531). There are reports of cytosolic (531) and
mitochondrial (22) localization of FAD synthetase in S. cerevi-
siae, whereas mitochondrially located FAD synthetases have
been reported in plant cells (144, 388). In human cells, one
isoform is cytosolic whereas the second one is mitochondrial
(497). FAD synthetase, similarly to RF kinase, is an essential
gene, with knockout of FAD1 in S. cerevisiae being lethal (531).
Apparently, exogenous FMN and FAD cannot penetrate yeast
cells to recover growth of yeast mutants defective in RF kinase
and FAD synthetase. The crystal structure of yeast FAD syn-
thetases has been studied (184, 259).

Degradation of Flavin Nucleotides

FMN and FAD can be degraded to RF and FMN, respec-
tively. FMN degradation is catalyzed by the nonspecific phos-
phohydrolase FMN hydrolase. As discussed above, plants con-
tain bifunctional enzymes that have RF kinase and FMN
hydrolase domains (387), but the physiological function of the
hydrolase domain is unknown. No specific FMN hydrolase has
been described so far, and the corresponding enzymes appear
to be nonspecific toward many monophosphoric esters (2, 24,
437, 443, 479). No EC number has been assigned to enzymes
hydrolyzing FMN. FAD can be hydrolyzed to FMN and AMP
by FAD pyrophosphatases (EC 3.6.1.18), which are also non-
specific enzymes since they also hydrolyze NAD, NADH, and
CoA (24, 222, 256, 363, 408). The physiological roles of en-
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zymes hydrolyzing FMN and FAD in maintaining intracellular
and intraorganellar levels of free RF, FMN, and FAD have yet
to be elucidated.

BIOSYNTHESIS OF NATURAL FLAVIN ANALOGS

As discussed above (“Other Natural Flavins”), there are
numerous natural flavins. However, their metabolic functions
and biosynthetic pathways remain unknown. In this section, we
briefly summarize the available data on the biosynthesis of 2
important natural flavin analogs, 5-deazariboflavins (flavins
with coenzyme functions) and the antibiotic roseoflavin.

5-Deazaflavins

Biosynthetic pathways for coenzymes F0 and F420 have been
studied in methanogens. 7,8-Didemethyl-8-hydroxy-5-deazaf-
lavin (and its N-10-ribitylated derivative known as coenzyme
F0) is produced by the interaction of the RF precursor 5-amino-
6-ribitylamino-2,4(1H,3H)-pyrimidinedione with 4-hydroxy-
phenylpyruvate (151, 368). Thus, 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione is the final common intermediate
in the synthesis of RF and deazaflavines. Specific, detailed
steps in deazaflavin synthesis are not known. Oxalate is some-
how involved in F0 biosynthesis in Methanobacterium ther-
moautotrophicum (524). In M. jannaschii and Methanosarcina
mazei, the synthesized 7,8-didemethyl-8-hydroxy-5-deazaflavin
(and coenzyme F0) are further converted to coenzyme F420 by
the coupling of 2-phospho-L-lactate (126, 159). The enzyme of
M. jannaschii MJ0768 catalyzes the GTP-dependent addition
of 2 glutamates to the L-lactyl phosphodiester of 7,8-dide-
methyl-8-hydroxy-5-deazariboflavin (F0) to form F420-glu-
tamyl-glutamate (261). This enzyme has no sequence similarity
to any previously characterized protein. A hypothetical path-
way of F0 cofactor synthesis is shown in Fig. 4. Nothing is
known about deazaflavin synthesis in eukaryotic cells, which
contain F0 as a cofactor of DNA photolyase (104, 105, 146).
There are homologs of archaeal enzymes involved in F0 syn-
thesis from 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedi-
one and 4-hydroxyphenylpyruvate in eukaryotic green algae
(146). For other eukaryotes that use deazaflavins as cofactors
of DNA photolyase, these compounds can be considered vita-
mins provided by some prokaryotes.

Roseoflavin

The antibiotic roseoflavin [7-methyl-8-dimethylamino-10-
(1�-D-ribityl)-isoalloxazine], produced by Streptomyces davaw-
ensis, is apparently synthesized from RF. Data on radioactive
guanine incorporation into roseoflavin and radioactivity dilu-
tion in roseoflavin by nonradioactive RF support this hypoth-
esis (296). Possible intermediates in the pathway from RF to
roseoflavin are 8-amino- and 8-methylamino derivatives of RF
(201). The mechanism of substitution of a methyl group at
position 7 of RF with an amino group remains unknown, but it
may include some additional intermediate(s). The correspond-
ing enzymes involved in the conversion of RF to roseoflavin
are also unknown. Intracellular roseoflavin is converted by RF
kinase to roseoflavin-5�-phosphate (an analog of FMN) and
further by FAD synthetase to roseoflavin adenine dinucleotide

(515). Roseoflavin derivatives of FMN and FAD are inactive
as coenzymes, apparently due to loss of their oxidizing ability
following an intramolecular charge transfer from the 8-di-
methylamino group to the pteridine moiety (434). Roseoflavin

FIG. 4. Biosynthesis of the F0 cofactor. (Reproduced from refer-
ence 151 with permission of the Royal Society of Chemistry.)

VOL. 75, 2011 RF AND FLAVIN NUCLEOTIDE BIOSYNTHESIS AND TRANSPORT 333



producers normally convert roseoflavin to analogs of FMN and
FAD, so presumably defects in these conversions cannot ex-
plain S. davawensis resistance to roseoflavin (155). In roseo-
flavin-sensitive B. subtilis strains, roseoflavin binds to the FMN
riboswitch and thus inhibits transcription of the RF operon
(253, 335). Riboswitch mutations in roseoflavin-resistant mu-
tants disrupt ligand binding to FMN-binding aptamers. Per-
haps the reason for the insensitivity of S. davawensis to roseo-
flavin is the inability of the antibiotic produced to bind with the
FMN riboswitch. RF biosynthesis genes have been cloned from
S. davawensis and expressed in E. coli (156). However, genes
involved in RF conversion to roseoflavin remain unidentified.

RIBOFLAVIN TRANSPORT INTO AND
OUT OF THE CELL

RF must be capable of readily penetrating cells of animals
and lactic acid bacteria that are RF auxotrophs, since their
growth depends on the uptake of exogenous RF (356). The
ability of RF prototrophic cells to take up exogenous RF is not
obligatory and also is not that obvious. As discussed above, the
flavin antibiotic roseoflavin is active only against Gram-positive
bacteria. Many Gram-negative bacteria are resistant to roseo-
flavin, probably due to the inability of this RF structural analog
to enter cells (23, 156, 333, 334). Many microorganisms are
capable of RF oversynthesis and accumulation in a medium
(see below), suggesting that these organisms can efficiently
secrete RF. Lactating mammary gland cells actively secrete RF
into milk (187, 501). In eukaryotic organisms, there probably
exist specific systems which provide transport of RF and/or
flavin coenzymes to organelles (mitochondria, vacuoles, etc.).
The data suggest the existence of specific cellular transport
systems for RF in many micro- and macroorganisms.

Below, the peculiarities of RF transport in different groups
of organisms are considered. No direct data on RF transport in
archaea and plants appear to be available in the literature.

Bacteria

RF transport has been studied experimentally in B. subtilis
and Lactococcus lactis. E. coli neither transports exogenous RF
nor possesses genes homologous to RF transport genes from
other bacteria (505). Hence, RF auxotrophic mutants of E. coli
need very high concentrations of RF to grow (23, 422). Anal-
ysis of RF genes coding for RF transporters (which are subject
to RF feedback regulation with the so-called RFN element
[see below]) predicts the existence of 3 homolog classes: (i)
homologs of ypaA (ribU) of B. subtilis, (ii) homologs of ribM of
L. lactis, and (iii) homologs of impX of Fusobacterium nuclea-
tum (504).

The last class of genes has not yet been functionally charac-
terized in bacteria. According to other classifications, ypaA
from B. subtilis belongs to the bile/arsenite/RF transporter
(BART) superfamily, which involves the family of RF trans-
porters (285). The RF transporter family comprises 58 proteins
from eubacteria and archaea; all those with 5 transmembrane
domains have their N termini outside and their C termini
inside the cells. Members of this family can be subdivided into
4 clusters, with the ypaA protein being a member of the third
cluster (285).

Studies with B. subtilis have shown that RF transport is a
specific carrier-mediated process with an extremely high affin-
ity (apparent Km between 5 and 20 nM). RF transport was low
in RF prototrophic cells and was greatly stimulated in RF
auxotrophs, apparently due to transporter protein repression
by RF (65). RF transport occurred against a concentration
gradient (50), and RF accumulated inside the cells in its co-
enzyme forms, FMN and FAD (65). Membrane vesicles iso-
lated from B. subtilis cells bound RF with high affinity, and the
solubilized RF-binding activity was characterized, like RF
transport, by high substrate specificity and affinity. Inhibitors of
energy metabolism blocked RF transport (65, 505). However,
it was not determined whether inhibitors suppress an RF trans-
port process per se or subsequent ATP-dependent RF conver-
sion to flavin nucleotides. The gene ypaA proved to code for
the RF transport protein in B. subtilis (243). Its knockout
abolished RF transport and drastically increased demand of
RF auxotrophs in exogenous RF, whereas overexpression ac-
tivated RF transport (243, 505). FMN and FAD inhibited
uptake of radioactive RF, but it is unclear if these nucleotides
act in their intact forms or after conversion to RF as inhibitors
of RF transport. The corresponding gene codes for a protein
with 5 transmembrane domains with a cytoplasmic C terminus
(505). Exogenous RF repressed synthesis of ypaA protein
(504).

RF transport has also been studied in detail in the lactic acid
bacterium Lactobacillus lactis (57). The gene ribU is responsi-
ble for RF transport in this organism. Exogenous roseoflavin
and FMN inhibited RF transport, and deletions in ribU gene
abolished the process. Exogenous RF and FMN repressed
synthesis of a transport protein. RF transport occurred in the
absence of an energy source; it is probably driven by equilibra-
tion of internal and external RF pools via an exchange (coun-
terflow) mechanism. This possibility is supported by the fact
that accumulated radiolabeled RF in energized cells could be
chased out of the cell with excess unlabeled exogenous RF
(57). The ribU gene was overexpressed and the corresponding
membrane protein solubilized from membranes before purifi-
cation. RF, FMN, and roseoflavin bound this RibU protein
with extremely high affinity (Kd for RF, 0.6 nM), and Trp68 was
involved in binding RF (97). In L. lactis, the RF transporter is
classified as an energy-coupling factor (ECF) transporter
(376), but the reported absence of energy dependency for RF
transport (57) confuses the overall picture of the energy needs
for this ECF transport system. A similar situation was found in
Corynebacterium glutamicum. The corresponding structural
gene, pnuX (otherwise designated ribM), was isolated and ex-
pressed in E. coli, resulting in transformants that acquired the
ability to take up RF from the medium (57). This process
showed saturation kinetics with an apparent Km of 11 �M.
Only roseoflavin inhibited RF uptake; FMN was ineffective.
Active transport inhibitors had no effect on RF uptake. RF
auxotrophs of E. coli that expressed the heterologous ribM-
encoded transporter may be involved in the synthesis of flavo-
proteins with modified cofactors, e.g., with roseoflavin deriva-
tives (293). A putative RF transporter-encoding gene (ribM)
has also been identified in the roseoflavin producer, S. dava-
wensis. Expression of this gene in E. coli resulted in RF-trans-
porting transformants that were highly sensitive to roseoflavin
(156).

334 ABBAS AND SIBIRNY MICROBIOL. MOL. BIOL. REV.



Recently, many bacterial RF transport proteins have been
classified as members of a novel class of modular transporters
that mostly involve vitamin transporters (376). According to
their proposed modular structure, vitamin transporters consist
of substrate-specific integral membrane proteins and are re-
sponsible for substrate recognition and translocation, together
with additional energy-coupling modules (167, 172, 376): mod-
ule A, containing ATPase (the same as in ABC superfamily
transporters [79]); module T, a characteristic transmembrane
protein with unknown function; and module S, which is specific
to its own substrate. The A and T modules can be shared by
different transport systems. This new group of modular trans-
porters are known as ECF (energy-coupling factor) transport-
ers (376). The RF transporter from B. subtilis belongs to an
ECF transport system, since deletion of the ecfT gene, which
encodes module T, completely abolished RF transport, simi-
larly to mutants defective in the ypaA gene. In contrast to ABC
transporters, ECF transporters never use soluble periplasmic
substrate-binding proteins and share A and T modules be-
tween many quite different S components (79, 376). Although
the L. lactis ribU gene has also been included in this classifi-
cation (376), it apparently acts as facilitator, so the precise role
of A and T modules in RF transport remains unexplained.

Thus, numerous RF transport genes have been identified in
prokaryotes. They form separate families of membrane pro-
teins of the bile/arsenite/RF transporter (BART) superfamily
and apparently consist of several modules. The affinities of
investigated bacterial RF transporters for their substrates are
very high. Synthesis of RF transporters is repressed by RF. As
substrate specificity of RF transporters from pathogenic bac-
teria can differ from that of RF transporters from animals,
identification of specific inhibitors of bacterial RF transport
will be of interest for development of novel antimicrobial
agents. Studies of bacterial RF transport deal only with RF
uptake from the medium, and while some bacteria (e.g., B.
subtilis) overproduce and excrete RF as an industrial process,
little is known about the mechanisms of RF excretion in bac-
teria. A simple exchange (counterflow) of intra- and extracel-
lular RF has been postulated for L. lactis (57), but this fails to
account for unidirectional excretion of RF during its oversyn-
thesis. RF cellular transport mechanisms await further eluci-
dation.

Yeasts and Filamentous Fungi

The characteristics of RF transport (both uptake and excre-
tion) have been studied in some detail in baker’s yeast (S.
cerevisiae), the flavinogenic yeast P. guilliermondii, and to a
lesser extent the flavinogenic fungus A. gossypii.

Saccharomyces cerevisiae. RF auxotrophs of S. cerevisiae re-
quire significant amounts of RF for growth (1 to 10 �g/ml),
which significantly exceed the levels for the growth of RF
auxotrophs of B. subtilis (50, 331, 364). RF prototrophic cells of
S. cerevisiae were unable to transport RF from the medium.
However, anaerobically grown RF auxotrophic mutants can
take up radioactive RF (345). RF transport has saturation
kinetics (Km, 15 �M; pH optimum, 7.5), and RF analogs inhibit
uptake. Uptake by S. cerevisiae RF auxotrophs could not be
reproduced in other studies (364). Nevertheless, the gene cod-
ing for the RF transporter has been cloned by selection for

multicopy suppressors that allow RF auxotrophs to grow in
greatly reduced concentrations of exogenous RF. This trans-
porter gene showed strong homology to genes coding for
monocarboxylate transporters and was designated MCH5
(364). The corresponding protein was localized to the plasma
membrane. Uptake of radioactive RF was measurable only in
RF auxotrophic �rib4 and �rib5 transformants overexpressing
Mcf5p. Exogenous RF repressed synthesis of Mch5 protein in
S. cerevisiae, but the mechanism is unclear. Heterologous ex-
pression of MCH5 in S. pombe produced transformants with an
ability to take up RF from the medium, seemingly by facilitated
diffusion, as inhibitors of energy metabolism did not affect the
process. The data raise the question of the physiological roles
of the transport system, since S. cerevisiae and other yeast
species are invariably RF prototrophs, implying that the trans-
port systems are inoperative in wild-type cells.

RF is taken up by cells of RF-deficient mutants and released
from S. cerevisiae cells during incubation in a vitamin-free
medium (345). This efflux, similar to uptake, shows saturation
kinetics (Km, 48 �M) and a pH optimum of 5.0. Exogenous
sugars stimulated RF excretion but did not influence RF up-
take. Although RF excretion occurs in RF prototrophs, RF
uptake was observed only in anaerobically grown RF auxo-
trophs, which suggests that RF uptake and efflux are catalyzed
by separate transporters (345). Nevertheless, other work has
discussed the role that the RF transporter Mcf5p plays in
facilitating RF flux into and out of the cell (364). Activation of
the transcription factor encoded by PUT3 is involved in adapt-
ing S. cerevisiae RF auxotrophs to low concentrations of exog-
enous RF (460).

Flavins have to be transported inside the cells to different
organelles. In S. cerevisiae, RF transport from the cytosol to
mitochondria is catalyzed by at least two separate transport
systems (22). FAD produced in mitochondria is exported into
the cytosol using a specific transport system distinct from that
for RF mitochondrial uptake. The FLX1 gene, coding for the
mitochondrial FAD exporter, has been isolated and function-
ally characterized. Flx1p is somehow involved in the regulation
of synthesis or processing of mitochondrial flavoproteins. The
mitochondrial FAD exporter also seems to exist in plants
(144). Some indirect data on a specific S. cerevisiae FAD trans-
porter into the lumen of the cytoplasmic reticulum have been
reported (358).

Pichia guilliermondii. P. guilliermondii is the only yeast spe-
cies that possesses a system for active RF transport (involving
an RF permease). This enzyme is cryptic in wild-type strains,
but it can be manifested in RF auxotrophs adapted to growth
in a medium with very low concentrations of RF.

(i) RF permease I. The wild-type cells of the flavinogenic
yeast P. guilliermondii, like those of S. cerevisiae, cannot take up
RF from the medium, and RF auxotrophs of P. guilliermondii
grow only at very high concentrations of exogenous RF, much
higher than those for S. cerevisiae. Optimal growth of P. guil-
liermondii RF auxotrophs occurred only at very high RF con-
centrations of �200 �g/ml (420, 449). These initial RF auxo-
trophs were used for the isolation of auxotrophs with much
lower exogenous RF requirements of �2 �g/ml. The resultant
strains still did not take up exogenous RF from the medium
but were characterized by multiple sensitivity to structurally
and functionally unrelated antibiotics and antimetabolites that
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normally do not inhibit yeast growth (actinomycin D, structural
analogs of RF, etc.) (447). One of these RF auxotrophs (rib2
mutant) with decreased requirements for exogenous RF was
used to isolate RF auxotrophs growing at RF concentrations 1
order of magnitude lower (0.1 to 0.3 �g/ml). One of the strains,
MS1-3, has been studied in detail. It formed bright yellow
colonies in a medium with a high RF concentration (200 �g/
ml). Washed cells grown in a sucrose medium with a low RF
concentration (0.5 �g/ml) and incubated in carbon-free or
glycerol-containing media with a high RF concentration (100
to 200 �g/ml) took up RF against a concentration gradient,
accumulating it in vacuoles as crystals (427, 449, 450). The RF
concentration in cells could reach 20 mg/g (dry weight), char-
acterized by saturation kinetics (Km of 0.17 mM, i.e., 1 order of
magnitude higher than that in S. cerevisiae) (345), at a pH
optimum of 5.8. The corresponding transport system was des-
ignated an RF permease (449, 450). Its activity was strongly
inhibited by energy poisons and showed strict substrate speci-
ficity. It is noteworthy that RF permease was totally devoid of
the ability to transport FMN and FAD (449). The ability to
transport RF in strains displaying RF permease unexpectedly
appeared to be a recessive trait. RF prototrophs isolated from
initial auxotrophic RF-transporting strains took up this vitamin
with the same velocity; thus, RF permease was not regulated by
RF. RF permease was strongly and competitively inhibited by
glucose (Ki of 5.7 mM). However, RF permease did not trans-
port glucose, since it inhibited RF permease with unchanged
efficiency in a mutant that was totally defective in glucose
utilization and transport (442). In addition to glucose, RF
permease was inhibited by sucrose, maltose, trehalose, and
�-methylglucoside and slightly by 2-deoxyglucose, whereas
fructose and mannose had no effect. Glucose also strongly
inhibited uptake of the RF analog 8-piperidyl-10-(1�-D-ri-
bityl)isoalloxazine, which competed with RF for uptake into
the cell; however, in contrast to RF, it could not have been
excreted by the cells into the medium. Thus, glucose inhibition
of RF transport cannot be explained by activation of RF efflux.

RF permease was synthesized only in media with �-gluco-
sides, including sucrose, maltose, �-methylglucoside, and mel-
izitose, whereas cells grown on other substrates (glucose, fruc-
tose, etc.) did not take up RF from the medium at all, and an
RF auxotroph in a glucose medium required high concentra-
tions of exogenous RF (100 �g/ml) for growth (452). Coordi-
nated induction of RF permease and �-glucosidase has been
found. Genetic control of RF permease synthesis showed two
regulatory genes of negative action, designated RPF80 and
RPF81, and one gene of positive action, RPF82 (440). Reces-
sive mutations rfp80 and rfp81 and dominant mutation RFP82c

led to the constitutive synthesis of RF permease (and �-glu-
cosidase) in a glucose medium without �-glucosides, whereas
recessive mutation rfp82 rendered strains unable to synthesize
RF permease in media containing �-glucosides. However, the
molecular nature of the these regulatory genes, as well as that
of the structural gene of RF permease, was not identified, as at
that time the molecular genetics of P. guilliermondii had not
been developed.

Selection for growth of the RF auxotroph at very low con-
centrations of RF in the presence of the structural nonmetabo-
lizable analog 8-piperidyl-10-(1�-D-ribityl)isoalloxazine (which
competes with RF for transport) made it possible to isolate P.

guilliermondii mutants with increased RF permease affinity to
RF (Km of 31 �M, which is close to the value for the RF
transport system of S. cerevisiae). Additional, unidentified mu-
tations introduced in this strain allowed constitutive synthesis
of RF permease in glucose media and resistance to glucose
inhibition of RF uptake. The corresponding RF auxotroph,
strain 9i, grew in media containing 0.005 �g RF/ml and ap-
peared to be very effective for microbiological RF assay, as well
as for removal of RF from solutions and its overaccumulation
inside cells (A. A. Sibirny, unpublished data).

(ii) RF permease II. The isolation of independent strains of
P. guilliermondii capable of RF uptake was attempted. To do
so, another RF auxotroph, an rib3 mutant, was selected for its
ability to grow with very low RF concentrations. The mutant
RA68-2 was selected, which produced yellow colonies on
plates with RF. Washed cells of this strain took up RF from the
medium against a concentration gradient and accumulated it in
vacuoles as crystals. However, the properties of the RF trans-
port systems in strains MS1-3 and RA68-2 appeared to be
quite different. The transport velocity of RA68-2 cells was 1
order of magnitude lower than that of strain MS1-3; it was
identical in cells grown in sucrose or glucose media, and these
sugars did not inhibit RF uptake. Due to such differences, the
RF transport system in strain MS1-3 and its derivatives was
designated RF permease I, and that in strain RA68-2 was
designated RF permease II (426). Activity of RF permease II,
like that of RF permease I, did not depend on RF auxotrophy.
The genes coding for RF permeases I and II seem not to be
linked.

Wild-type P. guilliermondii seems to contain a cryptic gene
for RF permease that is not expressed for several reasons, one
of which could be the absence of an efficient promoter. During
positive selection for RF auxotrophs growing at very low con-
centrations of exogenous RF, this gene is transferred under the
control of an efficient promoter or fused to a functional gene
that is being expressed. Differences in the properties of RF
permeases I and II are related to sites of insertion of this
cryptic gene. Gene transfer could hypothetically take place
using mobile genetic elements or some other recombination
event. Cloning of the gene(s) coding RF permease(s) is a
prerequisite for understanding the cryptic nature of this trans-
port system in wild-type strains and its visualization during
selection for RF auxotrophs growing with very low RF concen-
trations. It could also shed light on the nature of the vacuolar
RF transport responsible for accumulation of RF crystals in
vacuoles. The development of P. guilliermondii molecular ge-
netics (see below) opened up good prospects for these studies,
which are now in progress. Some data show that the cells of the
distinct wild-type strain of P. guilliermondii can take up exog-
enous RF and accumulate it (267, 477). This finding could not
be reproduced with other strains of this species; however, those
authors suggest that there does exist in many cases a cryptic RF
permease that expresses its activity under certain conditions.

(iii) RF excretase. P. guilliermondii cells of the RF auxotroph
MS1-3 that were loaded with RF excreted this RF on incuba-
tion in a vitamin-free medium. Sugars strongly activated this
process (by 10 to 13 times), whereas inhibitors of energy me-
tabolism severely suppressed it (427, 451). The RF excretion
system was characterized by substrate specificity that differed
from that of RF permease; e.g., the RF structural analog 8-
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piperidyl-10-(1�-D-ribityl)isoalloxazine efficiently competed
with RF for transport into the cells and completely abolished
the ability to leave the cell. RF excretion was a temperature-
sensitive process, not occurring at 0°C, and it had a pH opti-
mum of 7.0. Data on the different effects of carbon substrates
on RF uptake and excretion and on the different substrate
specificities of the systems for RF uptake and excretion suggest
the existence of a distinct transport system for efflux of RF
from the cells, an RF excretase. This system exists in wild-type
strains, which excrete and accumulate considerable amounts of
RF from the culture medium, especially under conditions of
iron deficiency (415). The RF prototrophic strains of P. guilli-
ermondii displaying RF permease I activity reabsorb a consid-
erable proportion of synthesized and excreted RF in an iron-
deficient medium. Mutants of strains with RF permease I
activity that overproduce RF in an iron-rich medium have been
isolated. They grew as yellow colonies due to reabsorption by
the cells of overproduced RF (Sibirny, unpublished data).
From them, the next generation of mutants has been isolated
and was totally devoid of the ability to excrete RF into the
medium, apparently due to a genetic defect in RF excretase
(445). Cloning of the RF excretase gene in P. guilliermondii is
under way. Its overexpression can speed up RF excretion from
the cells and consequently lead to an increase in RF synthesis
and its accumulation in the culture medium.

Ashbya gossypii (Eremothecium gossypii). Some peculiarities
of RF transport have been studied in the flavinogenic fungus A.
gossypii (127), which is used for the industrial production of
RF. RF prototrophs are unable to take up exogenous RF,
although a rib5 auxotroph displayed RF transport from the
medium. The uptake system was characterized by high affinity
to RF (Km of 40 �M) but very low activity. The RF uptake
system was characterized by substrate specificity and sensitivity
to the energy inhibitor 2,4-dinitrophenol. RF can be excreted
from mycelia; however, the authors did not study the excretion
process per se due to the inability of the rib5 auxotroph to
accumulate sufficient RF. Therefore, an RF overproducer re-
sistant to itaconic acid (400) has been used to study RF efflux
(127). During the experiments, the mold synthesized and ex-
creted RF, and the authors examined the total accumulation
process. The alkylating agent N-ethylmaleimide inhibited,
whereas FMN activated, RF accumulation in the medium. The
mechanisms of these phenomena are not known. Like the
strains of P. guilliermondii that express RF permease, A. gos-
sypii accumulates part of the synthesized RF in vacuoles. Al-
though the transport system responsible for RF accumulation
in vacuoles was not identified, the process is apparently ener-
gized by vacuolar ATPase. Disruption of the corresponding
gene, VMA1, totally blocked RF accumulation in vacuoles and
increased overall RF production (128). Thus, further study of
the RF transport is of biotechnological importance.

There has been a report of the ability of another fungus, a
Phycomyces sp., to transport exogenous RF (82). dar mutants
resistant to RF analogs were unable to transport RF. The gene
dar probably codes for the RF transporter.

Animals

For animals, RF is an essential growth factor (vitamin), and
hence the lives of entire organisms and particular cells depend

on RF uptake. Milk is a rich source of RF for human babies
and mammal cubs, and thus efflux of RF from cells of the
mammary gland into milk is also of vital importance. RF trans-
port has been studied in many animal tissues, cells, and mem-
brane vesicles, especially in the small intestine and colon (382,
545). Renal transport is also very important (202, 459). Bio-
chemical data suggest the existence of two membrane RF
transport mechanisms, one being mediated by an energy-de-
pendent transport with saturation kinetics and the other pos-
sibly being the passive diffusion process observed under con-
ditions of nonphysiological high RF concentrations (125, 555).
FMN and FAD strongly inhibited RF transport and apparently
shared the same transporter (182). The carrier-mediated path-
way is apparently regulated by the Ca2�/calmodulin pathway.
A role of receptor-mediated endocytosis in RF transport has
also been suggested. Specific soluble RF-binding proteins have
been found in bird eggs and pregnant mammals (523). They
are used for storage of RF and its delivery to developing
embryos. Apparently, delivery to cells and tissues of RF that is
bound to its binding protein relies on endocytosis, whereas
penetration of free soluble RF takes place via membrane car-
riers (transporters) (125).

Molecular mechanisms of RF membrane transport in mam-
mals were unknown until recently, when two putative RF trans-
porters, RFT1 and RFT2, were identified (538, 544). The
genes shared homology with each other and with the bacterial
RF transporter gene impX from Halobacterium nucleatum
(504, 538). Human and rat RFT1- and RFT2-encoding genes
were isolated from kidney cDNA library clones. The RFT1
protein consists of 10, and the RFT2 protein of 11, putative
transmembrane domains, and both proteins localized to cyto-
plasmic membranes. Overexpression of human and rat RFT1
and RFT2 increases the rate of RF transport, and small inter-
fering RNA (siRNA) targeting RFT1 significantly decreased
this process (538, 544). Lumiflavin, FMN, and FAD strongly
inhibited RFT2-mediated transport. RF was, however, the pre-
ferred substrate of the RFT2 transporter (538).

The protein responsible for RF secretion from the mam-
mary gland into milk has long been known as the multidrug
transporter called breast cancer resistance protein (BCRP). Its
synthesis is strongly induced during pregnancy and lactation,
and it belongs to the ABC family of multidrug transporters. In
Bcrp1�/� mice, RF secretion into milk was reduced by �60-
fold and that of FMN by 6-fold compared to that in wild-type
mice (501). Apparently, RF secretion into milk is the main
function of the identified transporter. A similar transporter
was found in humans. There is also an alternative flavin ex-
porter responsible for FAD efflux into milk; however, the cor-
responding gene has not yet been identified. It has been sug-
gested that the assay of RF excretion could be used as a novel
marker of multidrug resistance in malignant cells (187).

Summarizing this section on RF transport, although RF
transporters involved in RF uptake have been isolated in
several organisms, it is noteworthy that the mechanisms of
RF efflux in microorganisms remain elusive. Regulation of
RF transport in fungi and the mechanism of the cryptic
status of RF permeases in wild-type strains also need to be
elucidated.
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REGULATION OF RIBOFLAVIN SYNTHESIS

Regulation of RF synthesis occurs mostly at the level of
the synthesis of its biosynthetic enzymes. Effectors of this
regulation are flavins and, unexpectedly, iron ions and, to a
lesser extent, other metals (cobalt, chromium, zinc in flavi-
nogenic yeasts, and magnesium in some in fungi) in many
organisms.

Feedback Inhibition of GTP Cyclohydrolase II

Very little is known about the regulation of RF synthesis at
the level of modulation of enzyme activity. Apparently, GTP
cyclohydrolase II is the rate-limiting reaction in RF synthesis,
at least in B. subtilis (185). As a rule, activities of key enzymes
catalyzing the first limiting step of the anabolic pathways are
regulated by allosteric feedback inhibition exerted by the prod-
uct of the reaction or entire pathway. However, very little is
known about the possible feedback control of RF biosynthesis
at the level of GTP cyclohydrolase II, although feedback con-
trol is well documented for GTP cyclohydrolase I, which is
involved in the biosynthesis of folates and tetrahydrobiopterin
(44, 237, 283). While the structures of bacterial GTP cyclohy-
drolases from E. coli and B. subtilis have been studied in detail
(206, 257, 365, 373), no information on feedback inhibition of
this enzyme by RF, flavin nucleotides, or other metabolites is
available. GTP cyclohydrolase II from the flavinogenic yeast P.
guilliermondii was allosterically inhibited by FAD (412, 425).
This inhibition was retained in P. guilliermondii GTP cyclohy-
drolase II overexpressed in E. coli, whereas the native bacterial
enzyme showed no such inhibition (546). RF and FMN had no
effect on enzyme activity. The physiological role of this inhibi-
tion remains unclear, since in addition to FAD, other nucleo-
tides containing an adenylic group (5�-AMP, 3�,5�-AMP, ADP,
ATP, NAD, and NADP) inhibited enzyme activity to a similar
extent (412, 425). No data are available on the effect of FAD
and other adenylic nucleotides on the activity of GTP cyclo-
hydrolases from other yeasts, including S. cerevisiae. No P.
guilliermondii mutants have proved to be defective in this kind
of inhibition.

There is apparently another possible feedback regulation of
RF biosynthetic enzymes, namely, through 6,7-dimethyl-8-ribi-
tyllumazine synthase from P. guilliermondii, which is inhibited
by RF but not FAD, whereas neither RF nor FAD influenced
the activities of 3,4-dihydroxy-2-butanone 4-phosphate syn-
thase and RF synthase (274, 275). There are no data on the
physiological significance of 6,7-dimethyl-8-ribityllumazine
synthase inhibition obtained in experiments on the isolated
enzyme.

Transcriptional Regulation in Bacteria Using
the Riboswitch Mechanism

The discovery of the riboswitch mechanism involved in reg-
ulation of the RF operon in B. subtilis has been among the
major achievements in modern molecular genetics.

Riboswitch (RFN element) in Bacillus. The regulation of RF
synthesis has been studied in detail in B. subtilis. This organism
was initially chosen for investigation, and the first principal results
on the RF operon were obtained by S. E. Bresler, D. A. Perumov,

and colleagues in Russia. Later, investigators from Germany, the
United States, and China were involved in these studies. In 1969,
Bresler and his colleagues described a mutant of B. subtilis that
overproduced RF (52). Its isolation, as well as that of RF auxo-
trophs, initiated a series of experiments on the biochemical and
genetic aspects of RF synthesis in B. subtilis. All known mutations
leading to RF auxotrophy are linked and are localized close to
genes involved in lysine biosynthesis (49, 51).

The RF operon (rib operon) consists of 5 genes (ribGBAHT)
that encode the catalytic enzymes for RF synthesis from GTP
and ribulose-5-phosphate. The operon is transcribed as one
polycistronic RNA of nearly 4,300 bp (308). The untranslated
leader region, designated ribO, of �300 bp (originally thought
to be the operator region), has been identified upstream of the
first gene in the operon (309). Although mutations in ribO led
to RF overproduction (221), searches for the gene coding for
the repressor protein were unsuccessful. Mutations in two
trans-acting genes, ribC and ribR, which caused RF oversyn-
thesis have been identified (163, 280, 458); however, they
coded for bifunctional RF kinase/FAD synthetase and mono-
functional RF kinase, respectively. Genes ribC and ribR are not
linked to the RF operon. The available data suggest that RibC
and RibR proteins do not interact with the ribO region. At the
same time, mutants defective in RF kinases still proved to be
sensitive to repression of RF synthesis after addition of exog-
enous FMN (48, 280). Inspection of the leader region of the rib
operon revealed a sequence that could fold into a character-
istic and evolutionarily well-conserved RNA structure of �140
bp called the RFN element. Analysis of 23 different RFN ele-
ments showed that 10 of 20 bp of the inverted repeats were
completely conserved and that of the 47 nucleotides from the
single-strand RNA filament, 24 were conserved (138, 221, 504).
The RFN element directly binds with FMN, and the formation
of this complex is important in the regulation of the rib operon
(307, 528). Direct binding of the small molecule FMN to nas-
cent mRNA of the RFN element leads to a conformational
change resulting in terminator hairpin formation, which leads
to attenuation of transcription. In the absence of FMN, the
conformation of the RFN element forms an antiterminator
structure that allows normal transcription of the entire operon
(307). The RFN element serves as the receptor for a metabo-
lite-dependent riboswitch that directly binds FMN in the ab-
sence of proteins (528). The RFN element is a natural FMN-
binding aptamer, the allosteric character of which is used for
tight control in the expression of the RF operon (Fig. 5). RFN
elements have been found upstream of RF biosynthesis and
RF transporter genes in many bacteria (504).

Similar metabolite-binding riboswitches are involved in the
regulation of other operons and separate genes in bacteria.
Riboswitches are found in many classes of eubacteria but only
a few archaea and eukaryotes (25). Riboswitches involved in
vitamin and coenzyme synthesis constitute the most abundant
class of untranslated mRNA regions capable of direct sensing
of cellular metabolites (75, 325, 378, 405). Riboswitches are
the nontranslated mRNAs that bind effectors (low-molecu-
lar-weight metabolites) using selective binding domains
(otherwise called ligand-binding pockets or aptamers) with-
out a requirement for any proteins. Regulation of gene
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expression by the riboswitch mechanism without participa-
tion of regulatory proteins is probably a molecular relic of
the ancestral RNA world.

Riboswitches typically contain disordered regions in their
conserved aptamer cores that become structured upon metab-
olite binding. These changes may trigger rearrangements in
additional expression platform structures located outside the

aptamer, giving two alternative conformations. Riboswitches
are able to interconvert between these ligand-bound and li-
gand-free structures in the context of the full-length RNA (25,
405, 406). The crystal structure of the FMN riboswitch con-
trolling the putative RF transporter encoded by impX in
Fusobacterium nucleatum bound with FMN, RF, and roseofla-
vin has been determined (404). Binding of the riboswitch to

FIG. 5. FMN causes transcription termination of the ribD RNA in vitro. (A) Sequence and secondary structure of the leader sequence ribD
RNA. Shaded regions identify nucleotides that are complementary and might serve as an antiterminator structure. Nucleotides denoted with an
asterisk have been altered from the wild-type sequence to generate a restriction site. The nucleotide sequence comprising the 62- and 30-nucleotide
regions (not shown) is presented in references 16 and 17. (B) Model for the FMN-dependent riboswitch. Shaded regions identify the putative
antiterminator structure that is disrupted after binding of FMN and formation of the P1 structure. (Reproduced from reference 528 with
permission of the publisher. Copyright 2002 National Academy of Sciences, U.S.A.)
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FMN depends on Mg2� ions and is further enhanced by K�

ions. FAD, RF, and lumiflavin have much lower affinity for the
riboswitch than FMN. The roseoflavin-bound structure adopts a
conformation similar to that of the RF-bound structure, with
some additional conformational adjustments. The data explain
the effect of regulatory mutations in the FMN riboswitch on gene
expression and can be used for developing strategies to search for
specific inhibitors of RF synthesis in pathogenic bacteria by acting
on the FMN riboswitch. The structure of the FMN-bound ribo-
switch is shown in Fig. 6.

The carboxy terminus of the B. subtilis ribR monofunctional
RF kinase binds to the FMN riboswitch, but this binding is
partially lost in cells bearing mutations in the RFN element
(177). The data suggest that riboswitch regulation using FMN
as an effector can be supplemented with the action of mono-
functional RF kinase, thus acting as a regulatory protein.

Regulation in E. coli. It is noteworthy that in many groups of
bacteria, e.g., in Gammaproteobacteria, including Enterobacte-
riaceae, the FMN riboswitch attenuates translation, or both
transcription and translation, mechanisms (25, 504). It uses
FMN-induced structure changes of the riboswitch structure to
block the initiation of translation. Unlike riboswitches with
transcription control mechanisms that require very specific ter-
minator structures in their expression platforms, the RNA
structures that prevent translation initiation can be more
varied.

In physiological terms, RF synthesis in E. coli occurs consti-
tutively (422, 526). Genes of RF synthesis are scattered on the
E. coli chromosome (23, 495). 5� noncoding regions of the RF
structural genes contain RFN elements apparently acting at the
translation level (25, 504); however, the physiological role of
these riboswitches in the regulation of RF synthesis in E. coli
remains unknown. The E. coli ribA gene, coding for GTP
cyclohydrolase II, belongs to the soxRS regulon, which is in-

duced by superoxide-generating agents. The localization of the
superoxide-responsive element in the promoter has been de-
termined (232, 233). The exact role of this regulation is un-
known; however, it may indicate that GTP cyclohydrolase II or
the final product of the pathway, RF or flavin nucleotides, is
somehow involved in defense against oxidative stress. Reactive
oxygen forms convert GTP to 8-hydroxy-dGTP, which acts as a
mutagen. GTP cyclohydrolase II fulfills a supplementary role
in the detoxification of 8-hydroxy-dGTP to mutT protein (229).

Other bacteria. The ribBA gene of H. pylori, coding for
bifunctional GTP cyclohydrolase II//3,4-dihydroxybutanone
phosphate synthase, is derepressed under conditions of iron
deficiency, which leads to increased flavin synthesis (529). Het-
erologous expression of this gene in E. coli doubled RF syn-
thesis and ferrireductase activity.

As mentioned above, flavins participate in bacterial lumines-
cence. In Photobacterium phosphoreum and Photobacterium
leiognathi, RF biosynthesis genes are linked to the luciferase
(lux) operon and are transcribed as one polycistronic mRNA
(251, 252, 270). In other luminescent species, e.g., Vibrio fisch-
eri, an unlinked ribB gene homologous to the E. coli gene
coding for 3,4-dihydroxy-2-butanone 4-phosphate synthase
forms a joint regulon with the lux operon (61).

It is well known that Clostridium acetobutylicum is capable of
overproducing RF under conditions of iron deficiency (175),
but the mechanism of regulation remains obscure.

Transcriptional Regulation in Mycelial Fungi

Of the mycelial fungi that naturally overproduce RF, two
(the phytopathogenic [cotton pathogens] fungi Eremothecium
ashbyii [162] and Eremothecium [Ashbya] gossypii [525]) belong
to the group of the most flavinogenic natural organisms known
(83). RF accumulates in the mycelia, giving them a bright
yellow color (128). The ability to overproduce RF is an unsta-
ble feature in E. ashbyii, and highly flavinogenic clones easily
lose their potential during lyophilization or storage at room
temperature (313). Therefore, most work has been conducted
on E. gossypii (its generally used name remains A. gossypii,
which is used throughout this review). However, E. ashbyii
overproduces not only RF but also FAD, whereas A. gossypii
does not overproduce flavin nucleotides (337, 534). A. gossypii
is characterized by a high level of gene order conservation
(synteny) between its genome and that of the yeast S. cerevisiae
and thus became a popular model for the biology of fungal
development (350, 522). Methods of molecular genetics for A.
gossypii, including insertional mutagenesis, have been devel-
oped (391, 467, 468, 530). The genome of A. gossypii has been
sequenced and has strong similarities to that of S. cerevisiae.
With a size of only 9.2 Mb, carrying 4,718 protein-coding
genes, the A. gossypii genome is the smallest of those of free-
living eukaryotes yet characterized (45, 86).

RF oversynthesis by both of the above-mentioned fungi oc-
curs after vegetative growth has ceased, during mycelium lysis
and spore formation (209, 463). As a rule, similar kinetics of
production have been seen during microbial synthesis of sec-
ondary metabolites, e.g., antibiotics, but not primary metabo-
lites. Therefore, RF overproduction by the mycelial fungi E.
ashbyii and A. gossypii has been called “pseudosecondary bio-
synthesis” (66). The physiological reasons for RF overproduc-

FIG. 6. Overall riboswitch structure in a ribbon representation. P1
to P6, domains; L1 to L6, loops. The J1-2 segment participates in
antiterminator formation in the absence of FMN, whereas in the
FMN-bound state, it is locked up in the junction. (Reproduced from
reference 404 with permission of Macmillan Publishers Ltd., copyright
2009.)
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tion by E. ashbyii and A. gossypii during initiation of sporula-
tion are unknown, although the processes are closely linked. A
mutant of A. gossypii that has lost the ability to sporulate is
characterized by reduced RF synthesis (66), and cyclic AMP
(cAMP) inhibited both sporulation and RF oversynthesis
(463). RF protects spores of A. gossypii against UV light (463).
That fungi can produce pigments to attract insects for spore
spreading is well known (3), but one cannot exclude the pos-
sibility that RF overproduced during sporulation by E. ashbyii
and A. gossypii attracts insects spreading their spores to new
plants (438).

Flavinogenic activity of A. gossypii depends on the cultiva-
tion temperature, dropping significantly at 38°C. It has been
suggested that at elevated temperatures the specific repressor
of RF biosynthesis is activated, although no direct evidence has
been presented (83). In E. ashbyii the shift from growth to the
production phase was accompanied by derepression of GTP
cyclohydrolase II and FAD synthetase, whereas the activity of
RF synthase was only slightly changed (239). In A. gossypii, the
RF production phase was characterized by a strong increase in
transcription of several RF biosynthesis genes (RIB3, RIB4,
and RIB5 but not RIB2 and RIB7), as well as many other genes
involved in transcription, translation, membrane transport, cell
architecture, and metabolism (209, 292, 396, 397). The mech-
anisms involved in the shift from growth to production phase
and in the induction of RF synthesis and the nature of the
messenger(s) that induces RF oversynthesis remain unknown.
It was hypothesized that some kind of stress factors that accu-
mulated during cessation of growth promote transcription ac-
tivation and RF production (397).

Transcriptional Regulation in Flavinogenic Yeasts by Iron

Flavinogenic yeasts include the group of strains that over-
produce RF under iron-restrictive conditions (492). This group
includes P. guilliermondii (asporogenic strains of this species
are designated Candida guilliermondii), C. flareri (teleomorph,
Debaryomyces subglobosus), C. famata, Debaryomyces hansenii,
Schwanniomyces occidentalis, the pathogenic yeast C. albicans,
and some others (227, 322, 415, 436, 437, 441, 516). The rea-
sons for this and the physiological role of this overproduction
are unknown. Some have suggested that the stimulation of RF
production induced by iron limitation spreads among different
organisms. In addition to these yeasts, the list includes bacte-
ria, i.e., C. acetobutylicum (175), H. pylori (529), C. jejuni (78),
and Shewanella (77), as well as plants such as tobacco, sun-
flower, and others (176, 502, 512, 521). Several reasons for the
stimulation of RF production by iron deficiency have been
discussed, including a direct role of RF as an electron donor
either for iron reduction or as a cofactor for the activity of
intra- and extracellular enzymes. This is well documented for
some bacterial species, but no experimental data exist for fla-
vinogenic yeasts. In our own experiments, a mutant of the
flavinogenic yeast C. flareri (C. famata) which is defective in RF
oversynthesis in iron-deficient medium due to mutation in the
putative transcription factor gene SEF1 (91) grows more slowly
in an iron-deficient medium than the wild-type strain, which
overproduced RF under these conditions (K. Dmytruk, O.
Lyzak, and A. Sibirny, unpublished observation). Similar data
on growth defects in an iron-deficient medium were obtained

with the P. guilliermondii rib83 mutant, which is unable to
overproduce RF (471). The rib83 mutation was recently found
to be allelic to sef1 (D. Fedorovych, V. Boretsky, and A. Si-
birny, unpublished observation). It can be hypothesized that in
flavinogenic yeasts, RF is involved in iron (Fe3�) assimilation,
e.g., by nonenzymatic reduction of practically insoluble Fe3� to
much more soluble Fe2�. However, the vast majority of yeast
species do not overproduce RF under conditions of iron lim-
itation, which suggests different mechanisms of iron acquisition
by flavinogenic and nonflavinogenic yeasts. In contrast to the
case in B. subtilis, RF and flavin nucleotides do not repress
their own synthesis in yeasts (415).

Among flavinogenic yeasts, P. guilliermondii is the model
organism, whereas C. flareri (C. famata) represents organisms
with the highest flavinogenic potential. Studies on the iron-
dependent regulation of RF synthesis in yeasts have been ham-
pered by the absence of methods for classical and molecular
genetic analyses of this group of organisms. Finally, methods of
classical genetics for analyzing dominance-recessiveness and
meiotic segregation have been developed for P. guilliermondii,
while methods of molecular genetics have been developed for
both organisms (Table 1) (1, 40, 41, 436, 437, 441, 448, 454,
511). Structural genes of RF biosynthesis have been cloned
from these organisms (90, 266, 277, 510, 546). A promoter
assay system has been developed for C. famata, and several
strong promoters have been cloned (194). The genome of C.
guilliermondii, the anamorph of P. guilliermondii, is publicly
available (http://www.broad.mit.edu, C. guilliermondii sequenc-
ing project). It should be mentioned that strain C. famata
VKM Y-9 used in these experiments has recently been reclas-
sified as a C. flareri strain (322), but since all previous publi-
cations and patents have used C. famata, only that name is
used throughout this review. The genome of D. hansenii CBS
767, also a flavinogenic strain (its anamorph is C. famata, but
not the recently reclassified C. flareri VKM Y-9), has been

TABLE 1. Comparison of developed methods of genetic analysis
for the flavinogenic yeasts P. guilliermondii and

C. famata (C. flareri)

Method or characteristic P. guilliermondii C. famata

Hybridization and meiotic
segregation

� �

Selective markers
Recessive URA3 LEU2, ADE1
Dominant ble, IMH3, ARO4

Maximum transformation
frequency
(transformant/�g DNA)

104 105

Gene library � �
ARS elements � �
Strong promoters TEF1 TEF1
Multicopy integration events Up to 3 copies Up to 3 copies
Insertion mutagenesis � �
Gene deletion technique � �
Cloning of RF structural

genes
RIB1, RIB7 RIB1, RIB2, RIB5,

RIB6, RIB7
Cloning of RF regulatory

genes
SEF1, YAP1,

TUP1
SEF1, MET2
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sequenced in the framework of the French National Program
Genolevures (http://cbi.labri.fr/Genolevures/elt/DEHA)).

Iron deficiency leads to derepression of all of the P. guilli-
ermondii enzymes involved in RF synthesis, with the exception
of the reductase, an enzyme in the second step of the pathway
that is constitutively synthesized (417). Iron content did not
influence synthesis of enzymes involved in RF conversion to
flavin coenzymes (408, 424). Derepression occurred at the
transcriptional level, as iron starvation caused increased RIB1
(GTP cyclohydrolase II) and RIB7 (RF synthase) mRNA ac-
cumulation (38). Regulation by iron at the transcriptional level
was also seen for the RIB1 and RIB3 (3,4-dihydroxy-2-
butanone-4-phosphate synthase) genes of a strain of another
flavinogenic species, Candida membranifaciens subsp. flavinog-
enie W14-3 (516). The activity of the RIB2 product, reductase,
is so high that when it dropped below the detection level in the
leaky rib2 mutant of P. guilliermondii, this did not cause RF
auxotrophy (417).

Numerous mutants of P. guilliermondii that are defective in
the regulation of RF synthesis by iron have been isolated by
several innovative selection procedures. One of them seems to
be straightforward, since it has been based on the isolation of
mutants resistant to RF analogs. The assumption was that
exogenous RF must alleviate the inhibitory action of RF ana-
logs on yeast growth, and thus RF overproducers must be more
resistant to these compounds. However, wild-type strains of P.
guilliermondii were resistant to very high concentrations of RF
analogs, apparently due to their inability to penetrate the yeast
cell. This obstacle was overcome either by using mutants with
multiple sensitivity to antibiotics and antimetabolites (447) or
by addition of high concentrations of phosphates or sulfates
that make wild-type cells susceptible to the inhibitory action of
RF analogs (444). In the mutants resistant to RF analogs that
have been isolated, overproduction of RF in the medium was
seen, as expected, when a sufficient amount of iron was present
(421, 407). The second method for the selection of mutants
overproducing RF in an iron-rich medium was with leaky rib2
mutants partially defective in activity of reductase (the second
enzyme in biosynthesis). Activity was so low that the leaky
strains required exogenous RF in the medium and a high iron
content, although they grew without RF in an iron-deficient
medium. The leaky rib2 suppressor mutants that acquired the
ability to grow in a medium with a high iron content without
RF were characterized by derepression of GTP cyclohydrolase
II, and after substitution of the leaky rib2 with the wild-type
RIB2 allele, RF was overproduced in an iron-rich medium
(411, 419). Another method was similar in using a mutant with
a thermosensitive GTP cyclohydrolase II that grew like the
parental strain without exogenous RF only in an iron-deficient
medium. Mutants with impaired regulation of RF synthesis
were isolated as revertants growing at the minimal restrictive
temperature in an iron-sufficient medium without exogenous
RF. In meiotic segregants that contained the wild-type allele of
the RIB1 gene, mutants overproduced RF in an iron-rich me-
dium (9). An additional approach was based on isolation of
rib1 mutants with decreased requirements for exogenous RF
(472) or on the leaky rib1 mutant (with a missense mutation
leading to substitution G620A) growing without exogenous RF
in an iron-rich medium (38, 469, 470). Mutants with dere-
pressed synthesis of RF in an iron-rich medium were also

isolated from the yeast C. famata by selection of mutants re-
sistant to the RF structural analog 7-methyl-8-trifluoromethyl-
10(1�-D-ribityl)isoalloxazine in a medium with a high sulfate
concentration (439; Sibirny, unpublished data).

In P. guilliermondii, all isolated mutations were analyzed
using hybridization and meiotic segregation analyses. All led to
RF overproduction and derepression of RF biosynthetic en-
zymes in iron-rich media and were recessive. They were di-
vided into 9 complementation classes: rib80, rib81, hit1, and
red1 to red6 (407, 411, 470, 472). Mutations rib81 and red6
showed constitutive derepression of RIB1 gene transcription in
an iron-rich medium (38). Most RF-overproducing mutants
also had derepressed iron transport and an elevated content of
nonhemin iron (109, 110, 409, 410, 415). These data suggest a
coordinated regulation of RF synthesis and iron acquisition in
P. guilliermondii. RF overproduction in P. guilliermondii causes
Co2� ion stress (106) and oxidative stress (357). Later, it was
shown that Co2� ions, iron deficiency, and the mutations rib80,
rib81, and hit1 all lead to oxidative stress (39). These observa-
tions can be partially explained by hypothesizing that RF acts
as an antioxidant.

Elucidation of the identified gene action required cloning of
the genes as the first step. However, mutants overexpressing
RF do not differ significantly from wild-type cells in their
growth characteristics, which hampered transformant selection
with the restored wild-type phenotype. One additional RF-
overproducing mutant of P. guilliermondii was obtained using
the molecular approach of knockout of the yeast frataxin ho-
molog gene YFH1, encoding a mitochondrial protein involved
in iron trafficking and storage (8, 64, 392). The resulting �yfh1
mutant, like mutants isolated by conventional mutagenesis,
overproduced RF in an iron-rich medium, possessed an ele-
vated intracellular iron content, and was hypersensitive to ox-
idative stress. However, the �yfh1 mutation was nonallelic to
mutations rib80, rib81, hit1, and red6 (361). It seems that mu-
tations in numerous genes involved in iron transport, assimi-
lation, and storage lead to RF overproduction in P. guillier-
mondii. Knowledge of the precise role of the identified genes in
regulation of RF synthesis awaits further studies. Recently,
insertion mutagenesis was used in the isolation of P. guillier-
mondii mutants with derepressed RF synthesis in iron-suffi-
cient medium. Among them, the gene VMA1, coding for vac-
uolar ATPase, was tagged. Insertion and knockout vma1
mutants overproduced RF in an iron-rich medium (41a). The
role of vacuolar ATPase in the regulation of RF synthesis
remains obscure.

Mutants with the opposite phenotype, i.e., an inability to
overproduce RF in iron-deficient media, were also isolated
from flavinogenic yeasts. In P. guilliermondii, such mutants
were isolated as mutants lacking the ability to excrete RF in
iron-deficient medium. The corresponding recessive mutation
was designated rib83 (413). Mutation rib83 is epistatic over
mutations leading to RF oversynthesis, i.e., rib80, rib81, and
hit1 (471; D. Fedorovych, unpublished data). The iron content
in rib83 cells was similar to that in the wild-type strain (39). In
C. famata, insertion mutagenesis was used to isolate RF-non-
overproducing mutants and tag the corresponding genes.
Three mutants unable to overproduce RF contained an inser-
tional cassette in the promoter regions of the structural gene
coding for GTP cyclohydrolase II (RIB1) and in homologs of
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the gene MET2, involved in methionine biosynthesis, and the
gene SEF1, coding for a putative transcription factor (91).
Intact orthologs of these genes from D. hansenii restored nor-
mal regulation of RF synthesis. Data on Sef1p functions in
other yeasts are poor. Kluyveromyces lactis SEF1 and its S.
cerevisiae homolog can suppress a mutation in Rpm2p, which is
a protein subunit of yeast mitochondrial RNase P, an enzyme
responsible for the 5� maturation of mitochondrial tRNAs.
DNA sequence analysis of the K. lactis SEF1 gene showed that
it contained the Zn(2)-Cys(6) binuclear cluster motif found in
a growing number of yeast transcription factors (161). Disrup-
tion of the SEF1 homolog in P. guilliermondii led to isolation of
mutants unable to overproduce RF. Complementation analysis
showed that �sef1 P. guilliermondii is allelic to rib83, which was
isolated earlier by classical selection (D. Fedorovych, V. Bo-
retsky, and A. Sibirny, unpublished data).

Expression of C. famata SEF1 is derepressed under condi-
tions of iron starvation, which suggests autoregulation of gene
expression. In the nonflavinogenic yeasts S. cerevisiae and
Pichia stipitis, expression of this gene is not regulated by iron.
The industrial strain C. famata dep8 possesses constitutively
derepressed SEF1 which does not depend on iron content (K.
Dmytruk and A. Sibirny, unpublished data). Introduction of
the D. hansenii SEF1 gene into �sef1 C. famata restored the
ability to overproduce RF, whereas introduction of SEF1 from
the nonflavinogenic species P. stipitis in the same �sef1 C.
famata strain did not. The coding sequences of SEF1 are very
similar in flavinogenic and nonflavinogenic yeast species; we
therefore suggest that the inability of P. stipitis SEF1 to restore
RF overproduction in �sef1 C. famata depends on its low
constitutive expression. SEF1 may play a central role in regu-
lating RF synthesis in flavinogenic yeasts, but the mechanism
of its action remains to be elucidated.

THE RIBOFLAVIN BIOSYNTHESIS PATHWAY AS A
TARGET FOR ANTIMICROBIAL DRUGS

Most microorganisms, including pathogens, synthesize RF
de novo, and many of them (especially Gram-negative bacteria
and pathogenic fungi) cannot take up RF from the growth
medium. Therefore, for microorganisms that cannot transport
RF, specific inhibitors of RF synthesis enzymes should be po-
tent antimicrobial drugs where they can penetrate the cell.
Mammals do not possess RF biosynthetic enzymes and thus
have no target for potential antimicrobial drugs; they are ca-
pable of very efficient RF transport. In the light of the rapid
development of resistance to virtually all current antibiotics,
exploration of new targets and development of novel anti-
infective drugs are urgent medical needs (37, 112, 278, 365).

Inhibitors of metabolic reactions have rarely been used as
antimicrobial agents, although sulfonamides, the first antibac-
terial agents discovered before antibiotics, act against a broad
spectrum of bacterial pathogens by competing with the natural
substrate of dihydropteroate synthase, p-aminobenzoate,
thereby inhibiting this enzyme, which is involved in folic acid
biosynthesis (301). In this case, sulfonamides, but not folic
acid, can be transported by pathogens, whereas human cells
effectively absorb folic acid and do not have an intrinsic path-
way for biosynthesis of folic acid. Thus, the search for inhibi-
tors of the enzymes involved in RF synthesis as potential an-

timicrobial agents is based on the premise that they will have
the same mode of action on folic acid biosynthesis as sulfon-
amides.

All RF biosynthetic enzymes are potential targets for inhi-
bition. However, GTP cyclohydrolase II, reductase, deaminase,
and 3,4-dihydroxy-2-butanone 4-phosphate synthase act on
phosphorylated substrates and products; most probably, there-
fore, structural inhibitors of these enzymes would not pene-
trate the microbial cells in their native form. Lumazine syn-
thase and RF synthase are more promising targets for
inhibition because they act with nonphosphorylated com-
pounds as substrates or products [5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione and 6,7-dimethyl-8-ribitylluma-
zine, respectively]. It would probably be difficult for the latter
compound (being a pteridine) to penetrate the cell envelope.
Rybitiled pyrimidine derivatives are more suitable as inhibitors
of lumazine and RF synthases, although many pyrimidine an-
alogs could have an influence on other processes, such as
nucleotide metabolism and nucleic acid biosynthesis.

Throughput screening methods that are based on the
competitive binding of tested inhibitors with lumazine syn-
thase or RF synthase were developed (68, 205). Almost
100,000 compounds have been tested for inhibition of RF
biosynthetic enzymes (279, 314, 316, 491, 553). Some com-
pounds were very efficient inhibitors in vitro, and a few of
them displayed antibiotic activity against M. tuberculosis.
Therefore, this work is promising.

Alternative use of the RF biosynthetic pathway as a target
for novel antimicrobial drug can be explored for pathogenic
Gram-positive bacteria that can effectively transport RF. As
described above, the natural RF analog roseoflavin binds with
the FMN riboswitch, thereby repressing RF operon transcrip-
tion (253, 335, 404). If roseoflavin binding to the FMN ribo-
switch is the major target for its antimicrobial action, the
search for structural analogs of this antibiotic with more potent
or specific binding to the riboswitch could be another use of
the RF biosynthetic pathway for the identification of new an-
timicrobial drugs (36, 278). Specificity of the action of a selec-
tive corepressor of RF biosynthesis could be achieved due to
the absence of this pathway in the host organism (humans or
animals). These RF or roseoflavin analogs, however, should
not be metabolized to analogs of flavin nucleotides, which
might be toxic for host organisms.

FLAVIN SYNTHESIS BY FLAVINOGENIC
MICROORGANISMS

Flavins are present in each cell of living organisms. Cellular
flavins are present preferentially in nucleotide forms, with
FAD being the most abundant. The content of free intracel-
lular RF does not exceed 7% of the total flavins (438). The
pool of free flavins (not bound to proteins) in microorganisms
varies between 20 and 200 �g/g biomass. Some microorganisms
have much larger intracellular pools of free flavins, e.g., the
flavinogenic fungi E. ashbyii and A. gossypii (66). Many micro-
organisms excrete some portion of synthesized flavins to the
medium, preferentially as free RF (83). This feature allows RF
biosynthesis to be considered a poorly controlled process. For
example, exponentially growing wild-type cells of E. coli, B.
subtilis, and Pseudomonas fluorescens secrete into the medium
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several times more flavins than they contain inside the cells in
coenzyme forms (526). The role of the excreted RF remains
unknown, but it could be hypothesized that it participates in
the mobilization of practically insoluble Fe3� by its reduction
to the more soluble Fe2� form (287).

According to Demain (83), microorganisms that accumulate
�10 mg RF/liter are overproducers. They can be divided into
3 groups: weak (producing around 10 mg RF/liter), moderate
(producing up to 600 mg RF/liter), and highly active or flavi-
nogenic (producing �10 g RF/liter). The overproducers in-
clude the bacteria C. acetobutylicum, Mycobacterium smegma-
tis, and Corynebacterium diphtheriae, the yeasts Candida
(Pichia) guilliermondii, Candida ghoshii, Candida parapsilosis,
C. flareri, C. famata, D. subglobosus, D. hansenii, S. occidentalis,
and Torulopsis candida, and the mycelial fungi Aspergillus niger,
A. gossypii, E. ashbyii, and others. The first observation of RF
overproduction by bacteria was by Japanese authors who de-
scribed the accumulation of RF in C. acetobutylicum (539). RF
overproduction in yeasts was reported at approximately the
same time (59, 348). The maximal amount of RF produced by
yeast under conditions of iron deficiency was 560 mg RF/liter
in C. flareri (260). In addition to the concentration of iron ions,
some other factors act on RF synthesis. Strong stimulation of
RF synthesis in flavinogenic yeasts was caused by Co2� (87,
106), and some stimulation was seen with Cr6�, Mn2�, and
Zn2� (111, 228, 487). In the fungus A. niger, RF synthesis was
stimulated by a deficiency of Mg2� ions (319, 435). Some
species of flavinogenic yeasts overproduce RF in iron-sufficient
media containing n-alkanes as the sole carbon source (88, 329,
423), but the mechanisms of these stimulatory effects remain
unknown.

INDUSTRIAL PRODUCTION OF RIBOFLAVIN
AND FLAVIN NUCLEOTIDES AND THEIR

PRACTICAL APPLICATIONS

The vitamin market was $2.3 billion in 2003, with most
vitamins being produced microbiologically. In 2003, the annual
production of RF was 4,600 tons, with a total value of $134
million (84). In 2008, the total world riboflavin production
capacity was around 10,000 tons, whereas annual demand is
around 6,000 tons estimated to be worth between $150 million
and $500 million depending on the price per kilogram (http:
//www.articlepros.com/business/Chinese-Marketing/article-660667
.html and http://www.articlesbase.com/management-articles
/riboflavin-market-development-situation-and-future-trends
-2077296.html). Most RF is currently produced biotechnologi-
cally using advanced microbial producers constructed from B.
subtilis and A. gossypii (178). Production with the yeast C.
famata was shut down several years ago by ADM Co. due to
the instability (at that time) of the available producer, dep8.
The largest producer of RF currently is China (Hubei Guangji
Pharmaceuticals, Shanghai Desano Vitamins Co.), although
this vitamin is also produced in other countries in Europe and
Asia (Aventis, BASF, Daicel, DSM, Kyowa, Mitsui, Roche,
and Takeda).

Over 80% of RF is used in agriculture as an additive to
premixes for animal feeding (poultry, pigs, etc.) (462). RF also
is used in the food industry as the yellow colorant E-101 for
beverages, as well as in medicine as a component of vitamin

mixtures and for treatment of cataracts, migraine, malaria,
methemoglobinemia, some organic acidurias, and other dis-
eases of the skin, eyes, and nervous system (31, 483). RF in the
presence of long-wavelength UV irradiation effectively inacti-
vates different viruses, which can be important for vaccine
development (62).

Flavin nucleotides are used by the pharmaceutical and food
industries. FMN is 200 times more soluble in water, so it is
often offered by pharmaceutical companies. However, it
should be pointed out that FMN offered as medicine is syn-
thesized chemically and contains �30% of impurities of a
flavin nature (324), which can act as antivitamins and/or RF
antagonists. Reduced FMN has an interesting potential appli-
cation in the detoxification of chlorinated xenobiotics (72).
FAD is used in medicine and is produced biotechnologically
(430). It was recently found that FAD could be an efficient
treatment of some inheritable diseases, e.g., chronic granulo-
matous diseases caused by mutations in leukocyte NADPH
oxidase genes (183) and Friedreich ataxia caused by the lack of
the mitochondrial protein frataxin (149).

CONSTRUCTION OF INDUSTRIAL RIBOFLAVIN
PRODUCERS BY CLASSIC MUTAGENESIS
AND SELECTION AND BY METHODS OF

METABOLIC ENGINEERING

The history of industrial RF production has been described
in detail in previous reviews (83, 178, 438, 462). After the first
period of microbial production of RF based on natural micro-
bial isolates and a subsequent period of chemical production,
most RF is currently produced using genetically engineered
microorganisms. Both methods of classic mutagenesis and se-
lection and modern methods of metabolic engineering have
been used. Naturally, these approaches differed depending on
the organism used. In the case of B. subtilis, most effort was
directed at impairment of regulation of the RF operon and
amplification of the copy number of the structural gene. In A.
gossypii, most attention has been paid to increasing the RF
pathway supply with purine precursors and activation of the
glyoxylic acid cycle, which improves catabolism of oil, the pre-
ferred carbon substrate for RF synthesis. In C. famata, im-
provement of RF productivity has been achieved by introduc-
ing several unidentified mutations leading to resistance against
different toxic agents and, recently, by increasing the copy
number of transcription factor SEF1 along with the genes
involved in purine nucleotide interconversion and the RF bio-
synthetic pathway. As some plants overproduce RF under con-
ditions of iron deficiency, they can be used for selection of
RF-enriched plants as the source of vitamin B2 in food sup-
plements (176).

Below, a short description of the main approaches used in
the isolation of efficient RF producers from bacteria, mycelial
fungi, and yeasts is given.

B. subtilis

Wild-type strains of B. subtilis do not overproduce RF. RF-
overproducing mutants are easy to isolate but produce very
small amounts (52). Industrial RF producers of B. subtilis have
been isolated using several selection steps for resistance to
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different antimetabolites and subsequently introducing regula-
tory mutations alleviating repression by FMN and increasing
the copy numbers of the RF operon and of the ribA gene,
coding for the first enzyme of RF biosynthesis (178, 341–344).
Additionally, RF production in B. subtilis can be increased by
derepression of the ZWF1 gene, encoding glucose-6-phosphate
dehydrogenase (96), and by protein engineering of GTP cyc-
lohydrolase II to improve its kinetic characteristics (257).

Work on B. subtilis RF industrial producers started after
isolation of mutants showing, successively, resistance to 8-aza-
guanine, decoyinine, and methionine sulfoxide (343). Mutants
resistant to the purine analog 8-azaguanine often arose due to
derepression of purine nucleotide synthesis (395). Decoyinine
inhibits GMP synthetase, and decoyinine-resistant mutants can
possess derepressed levels of this enzyme (295). Mutants re-
sistant to methionine sulfoxide seem to possess elevated activ-
ity of IMP dehydrogenase (294). An isolated triple mutant
(producing small amounts of RF [�7 mg/liter]) was used to
select roseoflavin-resistant mutants. About 1 to 2% of them
grew as yellow colonies and possessed mutations in the ribC
gene, coding for bifunctional RF kinase/FAD synthetase (163,
280). The yellow roseoflavin-resistant mutant RB50 accumu-
lated elevated titers of RF (up to 40 mg/liter) due to derepres-
sion of RF operon transcription (343).

Several copies of the DNA fragment containing the RF
operon were introduced into the genome of the RB50 strain,
which led to a 10-fold increase in RF accumulation by the
transformants (up to 700 mg/liter). Subsequently, their own RF
operon promoters were replaced with the P15 promoter of B.
subtilis phage SPO1. After optimization of the cultivation con-
ditions in the fermentor for the constructed strain, 14 g RF/
liter was obtained in 48 h and 15 g/liter was accumulated in
56 h (344). Finally, introduction in this strain of one additional
copy of the ribA gene under the control of the P15 promoter,
coding for bifunctional GTP cyclohydrolase II/3,4-dihydroxy-
2-butanone 4-phosphate synthase, led to strain VB2XL1,
which was characterized by a further 25% increase in RF
accumulation (185). Overexpression of other individual genes
of the RF operon did not increase RF synthesis (178). A
similar protocol for the isolation of RF-overproducing B. sub-
tilis strains has been used by Chinese authors (429).

However, the achieved RF yield in B. subtilis is quite low
compared to the theoretical maximal yield (394). Recent work
shows that B. subtilis possesses the potential for further in-
creases in RF synthesis. A series of mutated GTP cyclohydro-
lases has been obtained using error-prone mutagenesis; several
of them have shown improved kinetic characteristics (specific
activity and Vmax). Apparently the introduction of this kineti-
cally improved enzyme (which is known in B. subtilis to catalyze
the rate-limiting reaction of the overall pathway) into indus-
trial RF producers can further increase RF yield and produc-
tivity (257). RF synthesis in the RF-overproducing strain has
been improved by a genetic defect in transketolase (141) or by
redirecting carbon flow through phosphoenolpyruvate carboxi-
nase (547). Overexpression of the ZWF1 gene, coding for glu-
cose-6-phosphate dehydrogenase, in the RF-overproducing
strain also increased the RF yield by 25% (96). Reduction of
maintenance metabolism by knockout of the major cyto-
chrome oxidase that catalyzes the less efficient branch of the
respiratory chain significantly increased the yield in an RF-

overproducing strain (548). Transposon mutagenesis of B. sub-
tilis showed novel and unexpected genes involved in the regu-
lation of RF synthesis: disruption of the fliP, yjaU, and yloN
genes led to a 25 to 35% increase in RF yield, whereas trans-
poson insertion in numerous genes (nearly 30) significantly
decreased RF synthesis (493). The effect of many such inser-
tions cannot yet be rationally explained. Overexpression of one
of the identified genes, gapB (coding for gluconeogenic glyc-
eraldehyde-3-phosphate dehydrogenase), due to knockout of
its regulator ccpN, improved yield in the industrial RF pro-
ducer. These data clearly show that insertion mutagenesis is a
promising approach for the identification of novel genes in-
volved in RF synthesis and their subsequent manipulation
(493). Transcriptome analysis of a B. subtilis wild-type strain
and the RF-overproducing mutant RH33 suggested that the
potential bottleneck in RF overproduction is the low pool of
phosphoribosyl pyrophosphate. Simultaneous overexpression
of two genes, prs and ywlF, involved in the biosynthetic path-
way of phosphoribosyl pyrophosphate from ribulose-5-phos-
phate in the RF overproducer RH33 increased RF production
by 25% (429). Synthesis of RF by some of the constructed
strains has been optimized using model-predictive control,
based on artificial neural networks (242) and statistical design
(532). Flux response studies of RF-overproducing B. subtilis
suggested a role of the transhydrogenase-like mechanism in
maintaining the balance of reducing equivalents during RF
oversynthesis (381).

Genetic manipulation of central carbon metabolism could
also have a positive effect on RF production in B. subtilis. For
example, disruption of the pta gene (encoding phosphotrans-
acetylase) and simultaneous overexpression of the als gene
(encoding acetolactate synthase) increased RF production
(554). The authors explained this phenomenon as due to an
elevated intracellular level of ATP.

Other Bacteria

Corynebacterium ammoniagenes. Corynebacterium ammoni-
agenes is used for the industrial production of purine and
pyrimidine nucleotides (136, 317) and therefore was chosen for
developing an alternative bacterial RF producer. In the first
step, the structural genes of RF, located in a cluster, were
cloned (234). To isolate the RF overproducer, a strong pro-
moter of C. ammoniagenes was cloned and substituted for the
natural promoter that controls the expression of the RF bio-
synthesis genes in the wild-type strain. This led to a 3-fold
increase in RF yield (235). Additionally, the ribosome-binding
sequence of the bifunctional gene coding for GTP cyclohydro-
lase II/3,4-dihydroxy-2-butanone 4-phosphate synthase was op-
timized, which strongly increased RF synthesis. Under opti-
mized conditions, the engineered strain accumulated 15.3 g
RF/liter in 72 h, which is comparable to the yield from B.
subtilis. No selection for resistance to RF analogs was used in
this work.

Lactic acid bacteria and propionibacteria. Selection of
roseoflavin-resistant mutants seemed an efficient approach for
the isolation of RF-overproducing strains of several species of
lactic acid bacteria (L. lactis, Lactobacillus plantarum, and Leu-
conostoc mesenteroides) as well as Propionibacterium freuden-
reichii (58, 486). All the analyzed mutations were localized in
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the riboswitch regions of RF gene clusters and not in the ribC
gene, coding for RF kinase/FAD synthetase. The resulting
mutants showed rather modest RF production, several thou-
sandfold lower than that of industrial RF producers. For ex-
ample, roseoflavin-resistant mutants of L. lactis accumulated
to only near 1.2 mg RF/liter (486), mutants of L. mesenteroides
and L. plantarum produced maximally 0.5 to 0.6 mg RF/liter,
and P. freudenreichii accumulated up to 3 mg RF/liter (58).
However, yogurts obtained with RF-overproducing mutants of
lactic acid bacteria and propionibacteria as starter cultures
could be used to increase the RF content in milk products.

A. gossypii

With A. gossypii, much attention was paid to optimization of
fermentation conditions favoring RF oversynthesis (83, 268).
RF overproduction occurs on different residues, including oily
waste-activated bleaching earth (490). Selection for resistance
to RF analogs was not reported, apparently due to the resis-
tance of A. gossypii to these compounds (462). No information
is available on A. gossypii mutants resistant to analogs of pu-
rines, although exogenous purines and the purine precursor
glycine activate RF production (268). As oil stimulates RF
production in A. ashbyii, activation of the glyoxylic acid cycle
should be important for strain improvement. Itaconate inhibits
the key enzyme of the glyoxylate shunt, isocitrate lyase, and
mutants resistant to itaconate produced enhanced levels of RF
(399, 400). Improvement of RF synthesis was also obtained in
oxalate- and itaconate-resistant mutants (339, 481). The exact
nature of these mutations was not elucidated.

The flavinogenic potential of A. gossypii was substantially
improved using modern approaches of metabolic engineering.
These were directed at activation of the glyoxylate cycle and
supply with purine precursors of RF. At the same time, no
information is available on improvement of RF production by
overexpression of RF structural genes. Introduction of an ad-
ditional copy of the ICL1 gene, encoding isocitrate lyase, en-
hanced RF production in a medium containing soybean oil
(203). Overexpression of the second enzyme of the pathway,
malate synthase, also improved oil consumption and RF
production (480). Disruption of VMA1, encoding vacuolar
ATPase, which energized active RF transport from the cyto-
plasm to the vacuole, resulted in complete excretion of synthe-
sized RF into the medium and increased the total production
of RF (128). However, disruption of VMA1 in the flavinogenic
yeast P. guilliermondii also resulted in RF oversynthesis, al-
though normally this organism does not accumulate the RF
produced in vacuoles (41a).

More attention has been paid to activation of RF synthesis
in A. gossypii with the purine precursor. Overexpression of
GLY1, encoding the glycine biosynthetic enzyme threonine
aldolase, strongly enhanced RF production, apparently due to
an improved supply of glycine, the purine precursor (312). An
increase in RF production was also achieved by disruption of
the SHM2 gene, encoding one of two isoenzymes of serine
hydroxymethyltransferase, due to a defect in the conversion of
glycine to serine, which again improved the glycine supply
(398). Conversion of glyoxylate into glycine was improved by
heterologous expression of the alanine:glyoxylate aminotrans-
ferase gene from S. cerevisiae (217). To enhance the metabolic

flux through the purine nucleotide biosynthesis pathway, the
key regulatory gene ADE4, encoding phosphoribosyl pyro-
phosphate amidotransferase, was cloned and overexpressed
under the control of the strong constitutive promoter of
glyceraldehyde phosphate dehydrogenase to abolish repression
caused by exogenous adenine (195). To alleviate feedback in-
hibition of this enzyme by ATP and GTP, site-specific mu-
tagenesis of the ADE4 gene by replacement of three amino
acid residues was carried out. Constitutive overexpression of
this engineered enzyme resulted in a 10-fold increase in RF
synthesis (195). A. gossypii contains two phosphoribosyl pyro-
phosphate synthetases, encoded by genes PRS2,4 and PRS3.
Overexpression of each of them resulted in an increase of RF
production. The activity of these enzymes is feedback inhibited
by GDP. Two conserved amino acid residues in the products of
the PRS2,4 and PRS3 genes were changed to release this inhi-
bition. Overexpression of the engineered PRS2,4 and PRS3
genes produced strains with further elevated RF production,
almost twice that of the wild-type strain (196). A protocol for
insertion mutagenesis of A. gossypii has been developed (391),
and a disruption mutant defective in gene BAS1 (encoding a
member of the Myb family of transcription factors) has been
tagged. Corresponding disruption and knockout strains over-
expressed RF (292). BAS1 proved to be involved in adenine-
mediated repression of the de novo biosynthesis of purine
nucleotides. Furthermore, it participates in the regulation of
the glycine pathway, spore germination, and the duration of
the trophic phase. Deletion of the C-terminal part of BAS1
resulted in constitutive activation of the adenine and glycine
pathways, thereby enhancing RF overproduction (292).

Data indicating that A. gossypii industrial RF producers ac-
cumulate �15 g RF/liter (462) did not take into account more
recent publications, and so current producers could accumu-
late even higher titers of RF.

E. ashbyii

E. ashbyii, which is closely related to A. gossypii (304, 336),
had been used for industrial RF production in the United
States (462) and in Pinsk (Belarus) in the former Soviet Union.
However, these businesses were shut down, mainly due to the
relatively low productivity of E. ashbyii (well below 4 g RF/
liter) (207) and its high genetic instability (475). However, E.
ashbyii, in contrast to A. gossypii, overproduces, in addition to
RF, small amounts of FAD (291, 534). As FAD has pharma-
ceutical and neutraceutical applications and is produced com-
mercially (430), E. ashbyii still possesses its own biotechnolog-
ical potential.

Much attention has been paid to optimization of media and
cultivation conditions for E. ashbyii (34, 207, 238, 336, 337).
Mutants resistant to 8-azaguanine with RF production en-
hanced by 2 to 4 times have been isolated (474). No tools for
molecular research on E. ashbyii have been reported.

C. famata (C. flareri)

The yeast industrial RF producer C. famata dep8 (ATCC
20849) was isolated by conventional mutagenesis from strain C.
famata VKM Y-9 without application of molecular tools. It
needs to be pointed out that strain VKM Y-9 has been recently
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reidentified as C. flareri (322). However, as scientific and pat-
ent literature designates the yeast RF producer C. famata, this
name is used throughout this review.

Selection consisted of 10 steps of mutagenesis and one step
of protoplast fusion (168–170). At the first stage of selection, a
mutant with deregulated purine synthesis growing as a pink
colony was isolated. It accumulated 3-fold more RF than the
wild-type strain. Independently, the wild-type strain was mu-
tagenized and a mutant overproducing RF in the presence of
5�-AMP was picked up with a 6-fold increased productivity.
Both these mutants were used for protoplast fusion, of which
one hybrid colony accumulated RF crystals inside the cells,
produced 14-fold more RF, and was picked up for further
selection. After mutagenesis and plating on a poor medium,
one mutant growing as a yellow colony was selected. Its RF
productivity had increased 27-fold relative to the wild-type
strain. Further, mutants resistant to 2-deoxyglucose were iso-
lated, as it had been suggested that resistant strains should
possess enhanced glucose conversion to RF. The most flavino-
genic of them was used at the next step, where the adenine
analog 4-aminopyrazolo-(3,4-d)pyrimidine (a known inhibitor
of purine biosynthesis) (351) was used as the selection agent.
The best selected strain accumulated up to 7.5 g RF/liter after
6 days of cultivation in shake flasks and 1.1 g RF/liter in test
tubes. This strain was mutagenized and selected for resistance
to 2-deoxyglucose. The most flavinogenic mutant, designated
strain D, accumulated 1.58 mg RF/liter in test tubes. Mu-
tagenized cells of this strain D were plated onto a medium with
a high concentration of FeCl3, and yellow colonies were picked
up. The most flavinogenic strain was mutagenized and plated
onto an exhausted medium obtained by filtering the culture
medium after prolonged cultivation of this strain supple-
mented with glycine and sucrose. Several yellow colonies were
picked up, of which the most flavinogenic mutant accumulated
2.5 g RF/liter and was designated strain A (also dep8, depos-
ited as ATCC 20849). Only this strain was used for industrial
production of RF.

Several attempts were made to isolate even more productive
strains. For this, strain dep8 was mutagenized and plated onto
a diluted exhausted medium obtained after its cultivation for
10 days with supplements of sucrose and glycine. Among the
mutants growing in this medium, strain F accumulated 3.4 g
RF/liter of medium. At the next stage, cells of strain F were
mutagenized and plated onto a medium with the antibiotic
adenosine analog tubercidin (7-deaza-adenosine). The most
flavinogenic strains, B and G, accumulated up to 3.8 mg RF/
liter. As their high flavinogenic activity was an unstable feature,
strain B was used for isolation of a UV-sensitive mutant. The
corresponding strain, designated H, accumulated 3.1 g RF/liter
(168, 170). The molecular nature of the introduced mutations
is unknown. Instability remains the most serious drawback in
the industrial strain dep8.

Cultivation conditions in fermentors that favored maximal
RF accumulation were developed for strain A (dep8). In a
14-liter fermentor, 16 g RF/liter was accumulated after 240 h of
cultivation, whereas in a 450-liter fermentor, the concentration
reached 21 g/liter after 200 h (169, 170).

Strain C. famata dep8 appeared to be rather unstable, re-
verting to totally nonflavinogenic variants, although these dif-
fered from the wild-type strains of C. famata because iron

deficiency did not stimulate RF production by revertants (K.
Dmytruk, O. Lyzak, and A. Sibirny, unpublished data). It was
also observed that strain dep8 failed to use ethanol as the sole
carbon source, whereas the wild-type strain and nonflavino-
genic revertants normally grow on ethanol. The reasons for the
defects in ethanol utilization, and correlations between the
inability to utilize ethanol and RF overproduction in strain
dep8, remain unknown. Reversions occurred invariably as a
result of frameshifts and creation of nonsense codons in the
earlier-identified gene SEF1, coding for a putative transcrip-
tion factor (91; Dmytruk et al., unpublished data). Introduc-
tion of an additional copy of the SEF1 gene ortholog isolated
from the sequenced strain D. hansenii CBS 767 into strain dep8
greatly improved the stability of the resultant transformants;
moreover, it resulted in enhancement of RF production
(Dmytruk et al., unpublished data).

An independent C. famata RF overproducer has recently
been isolated using a combination of random mutagenesis and
rational approaches of metabolic engineering. First, the RF-
overproducing strain AF-4 was isolated from the wild-type
strain C. famata VKM Y-9 in six consecutive steps of conven-
tional mutagenesis (439). The selection scheme is given in
Table 2. In the first step, mutants resistant to the RF structural
analog 7-methyl-8-trifluoromethyl-10-(1�-D-ribityl)isoalloxa-
zine were selected. Isolation of the resistant mutants was car-
ried out on plates with the RF analog (200 mg/liter) and 0.6 M
K2SO4. The most flavinogenic strain was used for isolation of
mutants resistant to 8-azaguanine (200 mg/liter). The most
flavinogenic strain was used in the third step of selection with
6-azauracil (200 mg/liter). 6-Azauracil inhibits yeast IMP de-
hydrogenase (107), and exogenous guanine alleviates the in-
hibitory action of 6-azauracil on C. famata growth. The most
flavinogenic strain was selected for resistance to 6-diazo-5-oxo-
L-norleucine (5 mg/liter), which inhibits purine biosynthesis
(71), and the inhibition of C. famata growth by 6-diazo-5-oxo-
L-norleucine was restored with exogenous guanine. It was un-
expectedly found that C. famata growth was inhibited by the
natural nucleoside guanosine (100 mg/liter), and this inhibition
could not be restored by guanine. It was decided to isolate
guanosine-resistant mutants and check them for RF oversyn-
thesis. The best RF producer obtained in the previous step was
mutagenized and plated with guanosine (300 mg/liter). In the
last step of the conventional selection procedure, the original
observation that cultivation of C. famata RF-overproducing
mutants on plates with a buffered medium at pH 6.8 to 7.0

TABLE 2. Steps for selection of C. famata RF-overproducing
strain AF-4

Step Strain Selective factor Riboflavin,
mg/litera

I AA 7-Methyl-8-trifluoromethyl-10-
(1�-D-ribityl)isoalloxazine

35

II AB 8-Azaguanine 78
III AC 6-Azauracil 176
IV AD 2-Diazo-5-oxo-L-norleucine 380
V AE Guanosine 450
VI AF-4 Search for yellow colonies at high pH 688

a Riboflavin synthesis was analyzed on a semisynthetic medium supplemented
with yeast extract on the fifth day of incubation on a shaker (200 rpm).
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strongly inhibited their RF production but did not suppress
growth and the colonies appear white, was used. After mu-
tagenesis and plating, the best RF producer was isolated in
medium with guanosine on plates containing 0.1 M phosphate
buffer (pH 6.8), and following an analysis of �3,000 colonies,
brightly yellow ones were picked up. By testing them in liquid
medium, the most flavinogenic mutant, designated AF-4, was
selected, which accumulated about 680 mg RF/liter, whereas
the wild-type strain under these conditions accumulated only 2
to 3 mg RF/liter (92, 439) (Table 2).

This strain, AF-4, was relatively stable and, in contrast to
industrial strain C. famata dep8, did not revert to RF-nonover-
producing revertants during several (�10) years of storage on
agar slants and cultivation. Its flavinogenic activity was, how-
ever, �30% lower than that of the industrial RF producer C.
famata dep8 (Fig. 7). Molecular events that evolved during
each step of selection of strain AF-4 have not been studied.

Metabolic engineering approaches for the selection of the
advanced RF producer involved introduction of additional
copies of transcription factor gene SEF1 and IMH3 (encoding
IMP dehydrogenase) orthologs from D. hansenii and the ho-
mologous genes RIB1 (encoding GTP cyclohydrolase II) and
RIB7 (encoding RF synthase), which encoded the first and last
enzymes of the RF biosynthesis pathway. Overexpression of all
these genes in the RF overproducer AF-4, obtained by classical
selection, resulted in a 4.1-fold increase of RF production in
shake flask experiments, although separate introduction of an
additional one or two copies of SEF1and overexpression of
IMH3 also had considerable positive effects on RF production
(92) (Fig. 7). The constructed strain is also much more pro-
ductive than the industrial strain C. famata dep8. These au-
thors believe that the constructed strain might well be em-
ployed in biotechnological production of vitamin B2 because it
is very productive and nonreverting.

P. guilliermondii

The flavinogenic potential of P. guilliermondii is weaker than
that of C. famata (C. flareri), and thus the known P. guillier-
mondii RF overproducers cannot compete with those isolated
from other organisms (245). Nevertheless, some P. guilliermon-
dii mutants, especially those capable of RF uptake and accu-

mulation, can also be applied in biotechnology. RF permease
entirely lacks the ability to transport FMN, though it efficiently
takes up and accumulates RF in cells (449). It was proposed
that this feature could be used to concentrate RF inside cells
from diluted solutions of this vitamin to thereby enrich yeast
with RF (453) and to separate RF from FMN, which is impor-
tant for assaying RF kinase (215). RF-overproducing mutants
with genetic defects in RF excretase accumulate all synthesized
RF inside the cells. The RF content of these cells exceeds 500
to 1,000 times the normal RF content in yeast cells (445).
Dried RF-enriched biomass can be directly used as an inex-
pensive source of RF for animal feeding. RF prototrophic
strains of P. guilliermondii overproducing the RF biosynthetic
precursor 6,7-dimethyl-8-ribityllumazine have been isolated
(446).

Methylotrophic Yeasts

Methylotrophic yeasts grown on methanol synthesize huge
amounts of the FAD-containing enzyme alcohol oxidase,
which catalyzes the first reaction of methanol catabolism (338).
Under certain cultivation conditions, alcohol oxidase can com-
prise nearly 30% of soluble protein in the cells. Correspond-
ingly, during methylotrophic growth, yeast cells contain an
elevated content of FAD (up to 1.5 mg FAD/g dry biomass),
with most of it being bound to flavoproteins (6, 89, 500).
Methanol induces synthesis of alcohol oxidase as well as RF
synthase, RF kinase, and FAD synthetase in methylotrophic
yeasts (55, 102, 431, 432). The mechanisms of this induction
are not known. A mutant of Hansenula polymorpha unable to
grow on methanol was characterized by a 10-fold decrease in
both the amount of alcohol oxidase protein and the level of
total intracellular FAD (498). The content of free intracellular
FAD, however, was identical in methanol-induced cells of the
wild-type strain and also in the mutant of the glucose-grown
cells of both strains. The content of FAD in another FAD-
containing enzyme, D-amino acid oxidase, remained un-
changed in the mutant cells. Apparently, the absence of the
apoprotein in some way prevents induction of FAD-synthesiz-
ing enzymes. It is noteworthy that single mutations in the H.
polymorpha gene GCR1, coding for a glucose transporter ho-
molog, allow constitutive synthesis of FAD-containing alcohol

FIG. 7. Evaluation of the improved C. famata riboflavin overproducers isolated by metabolic engineering. RF synthesis was assayed after 5 days
of cultivation in yeast extract-peptone-dextrose (YPD) medium. (Reproduced from reference 92 with permission of Elsevier.)
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oxidase in a glucose medium without methanol (464). The
available data suggest an involvement of alcohol oxidase apo-
protein in the regulation of FAD synthesis. High-cell-density
cultures of methylotrophic yeasts grown on methanol accumu-
late flavins, including free RF (482). However, the amounts of
accumulated flavins in culture liquids of wild-type cells of
methylotrophic yeasts are very small.

Overexpression of the first gene of RF synthesis (P. pastoris
RIB1 or a heterologous gene) coding for GTP cyclohydrolase
II, under the control of a strong constitutive promoter of
glyceraldehyde-3-phosphate dehydrogenase substantially in-
creased RF production in Pichia pastoris. Overexpression of all
6 structural genes of this pathway led to accumulation of 20 mg
RF/liter in a glucose medium during shake flask experiments
and of 175 mg RF/liter during high-density cultivation in a
fermentor (288). The data show that RF producers can be
engineered in nonflavinogenic yeasts; however, the RF yield
achieved is very low relative to those found in industrial pro-
ducers. Apparently the RF pathway in the constructed strain
could not be sufficiently supplied with the purine precursor
GTP. It could be interesting to incubate cells of the con-
structed strain with methanol, which, being the natural inducer
of flavin synthesis, could provide cells with abundant amounts
of some signals or substrates which limit RF oversynthesis and
are produced in insufficient amounts during glucose cultiva-
tion.

CONSTRUCTION OF PRODUCERS OF
FLAVIN NUCLEOTIDES

Readers are referred to a recent review on construction of
flavin nucleotide producers (540). Flavin nucleotides are used
in the pharmaceutical and food industries because they are
more efficient than RF in treating some diseases and have
significantly higher solubility in water. FMN (RF-5�-phos-
phate) is currently produced by chemical phosphorylation of
RF; however, even the most purified preparations of chemi-
cally synthesized FMN contain �25% of impurities of a flavin
nature, i.e., isomeric RF phosphates, RF cyclophosphates, and
RF bisphosphates (33, 324). These compounds can act as an-
timetabolites and thus be toxic. FAD is produced biotechno-
logically, with an annual production of 10 tons (430); however,
this compound is much more expensive than RF. FAD (95%
purity) is �1,000 times more expensive than RF, and synthetic
FMN containing 30% impurities is even more expensive (see
http://www.sigmaaldrich.com/united-states.html for prices).

FAD could be isolated from the mycelium of E. ashbyii (291,
534) or produced by biotransformation of exogenous FMN or
RF and ATP using bacterial cells. The first process in FAD
production used a mutant of Sarcina lutea that is defective in
adenosine deaminase in a medium supplemented with FMN.
D-Cycloserine stimulated this process, and the maximal yield of
FAD reached 0.7 g/liter after 5 days of cultivation (383, 520).
Enzymatic conversion of FMN and ATP to FAD using FAD
synthetase from Arthrobacter globiformis is known but is very
expensive (433). More recently, efficient transformation of ex-
ogenous FMN and ATP to FAD was achieved using cells of a
recombinant strain of Brevibacterium ammoniagenes with a 20-
fold derepression of bifunctional RF kinase/FAD synthetase
(164). Under optimal conditions, 1.2 g FAD/liter was produced

from exogenously added FMN and ATP. When metaphos-
phate was used as the phosphate donor instead of ATP, the
recombinant strain accumulated FMN from RF and ATP
without the production of FAD. FMN production reached
10 g/liter (320). Heterologous overexpression of bifunc-
tional RF kinase/FAD synthetase in E. coli, Enterobacter,
and Pseudomonas resulted in increased maximal concentra-
tions of FAD in a medium with FMN and ATP of up to 18
g/liter. A strong disadvantage of these processes is that
expensive additives (FMN and especially ATP) are used in
high concentrations. Apparently there is an intrinsic draw-
back in the development of bacterial organisms for produc-
tion of flavin nucleotides because FMN is a corepressor of
RFN riboswitches, which prevents accumulation of large
amounts of FMN and FAD during de novo biosynthesis.

Flavinogenic yeasts possess a quite different regulatory sys-
tem where normally iron, and not flavin nucleotides, represses
the enzymes involved in RF biosynthesis. Therefore, it is pos-
sible to construct yeast strains that are capable of FMN and
FAD oversynthesis de novo. To construct an effective producer
of FMN, FMN1, encoding RF kinase, has been cloned from the
sequenced flavinogenic strain D. hansenii CBS 767 and over-
expressed in C. famata under the control of its own strong
regulatory promoter RIB1 and its own strong constitutive pro-
moter TEF1. C. famata transformants with several (6 to 8)
integrated copies of the native D. hansenii FMN1 gene under
the control of the TEF1 promoter had a 200-fold-enhanced
activity of RF kinase compared to the wild-type strain and
accumulated much larger amounts of FMN in an iron-deficient
medium (in which no FMN accumulation occurred) (193). To
construct FMN producers that can overproduce this nucleotide
in an iron-rich medium, the D. hansenii FMN1 gene was inte-
grated in several (5 or 6) copies in the C. famata RF-overpro-
ducing strain AF-4. The resulting transformants had high RF
kinase activity and accumulated 130 mg FMN/liter in the cul-
ture medium after 24 h of cultivation (542). Optimization of
the medium content and cultivation conditions raised this to
nearly 300 mg FMN/liter in 30 h (Fig. 8) (541).

To construct an FAD overproducer, the gene FAD1 of D.
hansenii, encoding FAD synthetase under the control of TEF1
promoter, was integrated in 2 copies into a strain capable of
FMN overproduction. The resulting transformants had a 15-
fold-increased activity of FAD synthetase compared to the
parental strain, and in optimized medium they accumulated
450 mg FAD/liter after 40 h of cultivation (V. Yatsyshyn, D.
Fedorovych, and A. Sibirny, unpublished data). Constructed
producers of FMN and FAD still accumulate a large portion of
RF in the culture medium, which could be explained by the
high activity of FMN- and FAD-degrading enzymes in these
cases. To construct more efficient overproducers of FMN and
FAD, multicopy integration of FMN1 and FAD1 genes has to
be achieved in the more efficient RF producers that are avail-
able (92), and genes responsible for hydrolysis of FMN and
FAD have to be inactivated.

UNRESOLVED ISSUES AND FUTURE PROSPECTS

There are unresolved questions in both basic and applied
research on flavin synthesis. In the biochemistry of RF synthe-
sis, one stage—namely, dephosphorylation of 5-amino-6-ribi-
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tylamino-2,4(1H,3H)-pyrimidinedione 5�-phosphate—remains
to be deciphered. In the physiology of RF synthesis, the sig-
nificance of the very frequent secretion of part of the synthe-
sized RF into the medium remains a mystery. Such secretory
activity could be the result of imprecise regulation of this
minor biosynthetic pathway, which was suggested many years
ago (83). It cannot be excluded, however, that secreted RF
plays some role, such as being involved in iron mobilization or
oxidative stress defense. Especially important are investiga-
tions into the reasons for and mechanisms of RF overproduc-
tion in some bacteria, flavinogenic yeasts, and plants under
conditions of iron deficiency. There are apparently strong rea-
sons for the wide distribution of iron-dependent repression of
RF synthesis among prokaryotes, fungi, and plants.

In applied studies of flavinogenesis, the search for potent
and specific inhibitors of RF synthesis as effective anti-infec-
tives remains a promising and important task. For Gram-neg-
ative bacteria and pathogenic fungi, which are incapable of RF
transport into the cell, investigations need to be concentrated
on the search for specific and effective inhibitors of the inter-
mediate reactions of RF synthesis. For Gram-positive bacteria,
which efficiently transport exogenous RF, the search for RF
and roseoflavin analogs that are not converted to analogs of
flavin nucleotides, while they potently block RF biosynthesis
through riboswitch binding, will continue. Much needs to be
done to improve current RF biotechnological producers since
they are not all free of serious drawbacks. Low productivity is
apparently the most important problem, as usually not more
than 4% of the carbon source is converted to RF in the avail-
able strains. For yeast and bacterial industrial producers, ge-
netic stability is an additional concern. For many purposes, RF
has to be replaced by flavin coenzymes, especially in medicine
and the food industry. However, current biotechnological pro-
ducers of FMN and FAD give low productivities and yields.
These problems nevertheless provide a good perspective for
successful developments in the nearest future.
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