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Abstract In this paper, the microbial production of riboflavin is reviewed and includes de-
scriptions of riboflavin overproducers, and the biosynthesis and details of the key-enzyme
genes related to riboflavin. Three kinds of riboflavin overproducers are known; Bacillus subti-
lis and Candida famate utilize glucose as a carbon source, but the fungus Ashbya gossypii re-
quires plant oil as its sole carbon source. The starting material in riboflavin biosynthesis is
guanosine triphosphate (GTP), which is converted to riboflavin through six enzymatic reac-
tions. Though Bacillus subtilis, Candida famate, and Ashbya gossypii operate via different
pathways until GTP, they follow the same pathway from GTP to riboflavin. From the meta-
bolic viewpoint, with respect to improved riboflavin production, the supplementation of
GTP, a process-limiting precursor must be considered. The GTP fluxes originate from three
sources, serine, threonine and glyoxylate cycles. The development of pathways to strengthen
GTP supplementation using biotechnological techniques remains an issue for future research.
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INTRODUCTION

Microorganisms produce valuable polymers, such as
proteins, nucleic acids, and polysaccharides as well as
many smaller molecules useful in human and animal
health [1]. The vitamins are an example, and are classi-
fied as chemical substances that control and affect the
physiological processes, and which are essential for the
metabolism and growth of animals, especially mam-
mals. However, these compounds cannot be biosynthe-
sized by mammalian cells, which have lost the capacity
to synthesize vitamins, whereas lower organisms retain
this ability. Therefore, vitamins are synthesized by a
variety of plants and microorganisms, which are nutri-
tional requirements for human and animals. Although
many studies have been undertaken in the field of vi-
tamin biosynthesis, progress has been slow because or-
ganisms require such small quantities of these com-
pounds.

Riboflavin, the so called vitamin B,, is widely distrib-
uted in plants and animals, and plays an important role
in organisms because it is the precursor of flavin mono-
nucleotide (riboflavin 5'-monophosphate, FMN) and
flavin adenine dinucleotide (FAD), which function as
coenzymes for a wide variety of enzymes in the inter-
mediate metabolism. Therefore, a daily dose of 2 mg of
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riboflavin is essential for humans. Furthermore the vi-
tamin is useful as an animal feed supplement. Ribofla-
vin is primarily used in the pharmaceutical industry,
though some are used in the food industry as an addi-
tive, and in the animal feed industry. Thus, vitamins
have become one of the important fermentation prod-
ucts in biotechnology industry:.

The world consumption of riboflavin was reported to
be 1.25 x 10° kg per year, about 30 years ago, again
largely for human and animal uses [2]. However, at pre-
sent, the amount of riboflavin produced is believed to
excess 3,000 tons per year. Riboflavin is commercially
produced by chemical or by biochemical synthesis, the
latter being the preferred route because it is cheaper [3].
As a result, current riboflavin production by fermenta-
tion is estimated to be about 2,500 tons per year. This
process has the merits of saving half the cost, reducing
waste and energy requirements, and using renewable
resources like sugar or plant oil [4].

Recently, with the progress of metabolic engineering,
many researchers turn their attentions to biological me-
tabolisms to improve the production efficiency of proc-
ess that produce bioproducts from microorganisms. Ri-
boflavin as an essential compound for humans and
animals, and is one of target biotechnical processes,
though a vast amount of knowledge has already been
accumulated. In this review, we describe and compare
riboflavin overproducers, its biochemical and metabolic
biosynthesis, and the genes related to key enzymes in
riboflavin biosynthesis.
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DEVELOPMENT OF MICROORGANISMS

Riboflavin is a unique vitamin that can be synthe-
sized in large enough amounts by some fungi and bac-
teria to be exploited successfully on an industrial scale.
Many microorganisms have been screened and studied
for industrial production. Clostridium acetobutylicum was
one of the earliest organisms used to produce riboflavin,
and its productivity was only 100 mg/L [5]. Some or-
ganisms of the genus Candida [6-12] were also found to
produce riboflavin, and among these, Candida flareri
achieved about 600 mg/L of riboflavin [13]. But in order
to produce higher levels of riboflavin production using
these yeasts, inhibition due to iron should be overcome
[6]. The biochemical key to riboflavin overproduction
appears to involve resistance to the repressive effects of
iron. In the biochemical synthesis of riboflavin of nor-
mal microorganisms, it appears that iron represses al-
most all of the riboflavin biosynthetic enzymes,
whereas riboflavin or a derivative inhibits the first en-
zyme of the pathway, GTP cyclohydrolase II. New pro-
cesses to overcome iron inhibitions and novel mutation
techniques [4] that inhibit purine biosynthesis using
antimetabolite, tuberculin, in Candida famate have re-
cently been developed and give riboflavin yields of 20 to
30 g/L [1,14]. On the other hand, unlike the yeast. Bac-
teria, iron inhibition is not a factor for the two yeast-
like molds, Eremothecium ashbyii and Ashbya gossypii,
which are natural overproducers of riboflavin. The pro-
ductivity of these ascomycetes presently is believed to
exceed 20 g/L [1]. Both are pathogenic on cotton and
form needle-shaped ascospores.

Eremothecium ashbyii

The overproduction of riboflavin by this strain was

discovered by Guilliermond and co-workers [15] in 1935.

Hence, because it is an overproducer of riboflavin, much

work has been undertaken up on E. ashbyii over decades.

In the early 1950s, media that supported riboflavin
overproduction at 200 mg/L were developed [16-18].
Further addition of Tween 80 and certain proteins, ca-
sein or glycine to this allowed yields to reach 1.4 g/L
[18]. Currently, yields of 1.5 to 2.5 g/L [5, 19] are possi-
ble when very crude sources are used as media.

To increase productivity, 8-azaguanine, an analog of
guanine, which is a precursor of the riboflavin biosyn-
thetic pathway, was used. Mutants were obtained to
get this compound. The level of vitamin production
obtained from the majority of mutants in a synthetic
medium containing peptone was 2-4 times higher than
the level of the original strain [20].

Recent studies with wild type of E. ashbyii have
yielded 3.3 g/L of riboflavin using molasses and peanut
seed cake as carbon and nitrogen source, respectively
[21]. Some studies with yeast-like strains have been
undertaken from the viewpoint of morphological obser-
vation. The ideal colony for riboflavin production was
characterized by its medium growth intensity (colony
size, 8-10 mm in diameter over a culturing period of 96
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h), intense yellow color, absence of sector formation,
and a smooth surface covered by air mycelia [22]. Pro-
duction of riboflavin using a colony obtained on the
basis of these observations reached 1.1 g/L from a start-
ing position of 0.2 g/L, and these results were confirmed
by subsequent experiments [23]. The capacity for ribo-
flavin biosynthesis by E. ashbyii was characterized by
the considerable heterogeneity of the population. This
heterogeneity was expressed in a high frequency of
splitting off of lemon colony, which had a vitamin
production level three times lower than that of the
orange colonies. A population of a culture of E. ashbyii
showed high morphological instability, as well as
considerable heterogeneity with respect to its ability to
synthesize riboflavin [23]. The relationship between the
pH value of the medium and morphological variations
was also observed. Highest riboflavin productivity was
reported at initial pH of 6.5, using E. ashbyii [24,25]. At
this constant pH value, morphological variation was
shown to involve the gradual increase of swollen hyphal
cells and the formation of ascospores [26]. However, ob-
tained at various pH values showed that the highest
riboflavin productivity was obtained at pH value of 4.5
to 5.5 and morphological examination revealed that asci
and ascospores outnumbered the other forms [26].

Ashbya gossypii

Another riboflavin overproducer, A. gossypii was
known to yield more riboflavin than E. ashbyii [27].
However, with similar constructs and equivalent yield,
E. ashbyii showed neither nuclear fusion nor meiosis
[28]. On the contrary, E. ashbyii showed instable in
storage, for example during Iyphophilization or storage
in slant at room temperature [29].

The ability of A. gossypii to overproduce riboflavin
was discovered in 1946 [30]. The characteristics and
fermentation of this strain are very similar to those of E.
ashbyii. After the discovery of this yeast-like, filamen-
tous fungus, the industrial producer of riboflavin has
moved to A. gossypii, which has replaced E. ashbyii [31].
The first application of A. gossypii to industrial scale
production was made in 1968 [2]. Since the first quanti-
tive report [30] numerous studies have been carried out
to overproduce riboflavin. In early studies, some defined
media were established using Tween 80 and purine, and
145 mg/L and later 370 mg/L of riboflavin were pro-
duced in use of these media [32,33]. Many media were
then developed [34] which contained glucose, vitamins,
and amino acids, and mineral salts. In these markedly
improved media, the production of riboflavin reached 1
g/L. It was found that glycine was an important com-
ponent and Tween 80 served to prevent mycelium lysis
and stimulator for riboflavin overproduction. Apart
from these media, more complex media for industrial
application were studied, and using soybean oil as a
carbon source and collagenous protein and CSL as ni-
trogen sources, yields of 5 g/L were obtained [35,36].
The same amount of riboflavin was produced using
other newly developed media, which included 3% bone
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fat and 2% soybean oil as carbon sources, supplemented
with additional soybean oil after 72 h in a 120 h cultiva-
tion [37]. Peptone and gelatin were investigated as
complex nitrogen sources [35,38], and some waste pro-
teins of animal origin, such as skin and bone glues were
also tested [39]. Skin and bone glues contain several
important amino acids for riboflavin production, such
as glycine (about 20%) and threonine. These amino ac-
ids were found strongly stimulate riboflavin synthesis
in A. gossypii [34,38,40], and in medium containing 3%
skin glue as a nitrogen source, and 4% gelatin lard as a
carbon source, to which 2.5% gelatin lard was added
after 72 and 120 h of cultivation, the amount of ribofla-
vin produced was higher than 5.5 g/L [39].

Microscopical characteristics, such as hyphae, asci,
spore and autolysis was found to be varied in A. gossypii
with various additional components and time courses
[41]. Granula and hyaline droplets were described in the
other study [42]. In 1990, A. gossypii was selected as a
subject for fractal geometry, which at that time was
being introduced to microbiology [43]. It was the first
example of fractal aggregates in biological systems, with
a cell as the smallest aggregating unit and the colony as
an aggregate. Fractal dimensions increased during
growth and demonstrated that the technique might
serve as an important way of characterizing the mor-
phology. The experimental results showed that fractal
geometry provides a suitable method of describing the
biological growth pattern of the A. gossypii. On the
other hand, with morphological observations made us-
ing Nile red staining, found microdroplets in the hy-
phae of A. gossypii [44]. These lipid bodies accumulated
neutral lipid as an energy reserve, and the fact was con-
firmed by separate experiments as follows; when soy-
bean oil was used, the neutral lipid reached about 22%
of the mycelium dry weight, while when the mycelium
was grown on glucose it produced only 12% triacylglyc-
erol, and these amounts decreased to 3-4% when the
glucose declined in the medium. Although many fungi
have been found to produce neutral lipid and utilize it,
especially during spore germination [45], A. gossypii ac-
cumulated extraordinarily high amounts of neutral
fatty acids. These results showed that the fat metabo-
lism of A. gossypii was more efficient than that of using
other fungi [44]. The yield enhancing effect of plant oil
as a substrate in riboflavin production using A. gossypii
had been shown earlier [2,25,36].

In terms of using plant oil as the sole carbon source in
vitamin formation, the glyoxylate cycle is indispensable
because the fatty acids can be degraded by isocitrate
lyase, the key enzyme of this anaplerotic pathway, and
isocitrate lyase from A. gossypii was firstly isolated and
characterized [46]. During the production of riboflavin
using A. gossypii, it was interesting that this enzyme
appeared of the start of the riboflavin accumulation
[47]. This implies that riboflavin synthesis might begin
from storage lipids or this was observed with Nile red,
to depended upon isocitrate lyase, which catalyzes the
cleavage of isocitrate to glyoxylate and succinate. Ita-
conate as antimetabolite inhibits this pathway and
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eventually riboflavin production. For this reason itaco-
nate-resistant mutant grown on soybean oil had a
significantly higher isocitrate lyase specific activity,
which was accompanied by a large overproduction of
riboflavin compared to the wild type strain [47]. Ita-
conate-resistant mutants were achieved easily using
the characteristics of riboflavin. Because riboflavin is
yellow and this can be used on agar plates to search for
improved riboflavin overproducers, and this method led
to A. gossypii to riboflavin overproducers being used for
industrial applications [4]. When plant oils were used as
a carbon source in riboflavin biosynthesis, lipase also
becomes important, because the plant oils are degraded
to fatty acids and glycerol by an extracellular lipase be-
fore their uptake into intracellular organelles. The fun-
gal lipase of A. gossypii was hardly detected, because the
activity was deactivated by interfacial characteristics
[48]. Meanwhile, researches on osmoadaptation
mechanisms [49] and vacuole of A. gossypii have been
much studied [50].

Comparison of the Riboflavin Productivities of
Several Microorganisms

In the field of microbial fermentation, there are sev-
eral riboflavin-producing microorganisms, as shown in
Table 1. Among these, the Gram-positive bacteria Bacil-
lus subtilis, the yeast Candida famate, and the filamen-
tous fungus Ashbya gossypii are mainly used for the bio-
synthesis of riboflavin via large-scale production [4].
Candida sp. is a natural overproducer of riboflavin, but
these yeasts have to overcome iron inhibition in order
to overbiosynthesize riboflavin [31]. Candida famate
with tubercidine-, and iron-resistance has been devel-
oped to the level of plant operation, and it has been re-
cently reported that production of riboflavin reaches to
20-30 g/L using this yeast [1,14]. Like Candida sp., bac-
teria are also inhibited by iron [31]. Among these Bacil-
lus subtilis is mainly used to study riboflavin production,
especially in terms of biosynthesis [51]. And a recombi-
nant, riboflavin-producing strain of Bacillus subtilis was
reported to allow productivities of 80 mg/L at 0.3 h™
using a glucose-limited chemostat [52]. To obtain ribo-
flavin production using this Gram-positive bacterium
requires at least the deregulation of purine synthesis
and a mutation in a flavokinase/FAD-synthase. Cur-
rently recombinant B. subtilis with these features is in
use in large-scale fermentations and producing concen-
trations exceeding 15 g/L [53].

A. gossypii as a strong overproducer and has been re-
ported to give product yields in the range of 15-20 g/L
[1,27]. About 30% of the world’s industrial riboflavin
output is produced by direct fermentation with A.
gossypii [27], which has substituted for E. ashbyii, al-
though its use in industry has been limited to date [21].

In addition, some experiments have been performed
using a minor producer of riboflavin. Candida guillier-
mondii, which produced small amounts (220 mg/L) of
riboflavin from liquid brewery waste [54] and Mycobac-
terium pheli also produced small quantities from
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Table 1. Summary of the riboflavin productivities of several strains
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Max. riboflavin

Strains Carbon source Nitrogen source Supplements concentration  Culture time References
(g/L)
~ Clostridium acetobutylicum - - - 0.1 - 5
Bacteria
Bacillus subtilis Glucose - - 0.08 0.3h 52
Candida flareri Glucose, fructose Urga, glycm,‘ Guamp © 0.6 - 13
serin, threonine xanthine
Yeast  cuudida guilliermondii Liquid brewery - biotin 0.2 3 day 54
waste
Mycobacterium pheli Beet molasses Peptone - 0.1 6 day 55
Aspergillus terreus Beet molasses Peptone Asparagine 1.0 16 day 58
Glucose, fructose, Asparagine, Biotin, thiamine,
. . HOn 0.2 - 16,17
sucrose serine, threonine  inositol
. . Tween 80, _
| ) Glucose Caseine, glycine lecithine 1.4 18
Eremothecium ashbyis Glucose, sucrose ~ Soybean meal - 2.0 - 20
Glucose, molasses CSL, dry yeast, - 1.0-2.0 4 day 22,23
meat extract
Molasses Peasnut seed cake - 3.3 7 day 21
Fungi .
Asparagine, Tween 80, hypo-
Glucose glycine, zanthine, biotin, 0.4-1.0 - 33,34
tyrosine thiamine, nositol
. CSL, yeast extract,
. Cor; oil i collagenous - 5.0 - 35, 36
Ashbya gossypii soybean o1 Proteins
Soybeanoil, g1 celatin Glycine 50 8 da 57
bone fat & 4 ’ Y
Soybean oil CSL, gelatin, Glycine 55 8 day 39

skin glue

beet molasses [65]. A filamentous fungus, Aspergillus
terreus was isolated from crude oil [56,57] and produced
1 g/L of riboflavin from beet molasses [58].

RIBOFLAVIN BIOSYNTHESIS

There are three kinds of riboflavin overproducers,
yeast, gram-positive bacteria, and fungus, the metabolic
fluxes of which are shown in Fig. 1. Candida famata has
a simple pathway from glucose to guanosine triphos-
phate (GTP), which is the entrance of riboflavin biosyn-
thesis. The Candida uses glucose as its carbon source
and converts this to ribulose-5-phosphate (Ribu-5P),
which is a precursor of L-3, 4-dihydroxy-2-butanone-4-
phosphate (DBP). 3-Phosphoglycerate, an intermediate
of glycolysis, is also used for the synthesis of glycine
that is the precursor of GTP.

Bacilli cells follow a different pathway from yeast,
and convert glucose to guanosine monophosphate
(GMP), which is also a precursor of GTP.

The most popular riboflavin overproducers are fungi,
A. gossypii or E. ashbyii. Of these two strains, Ashbya-

gossypii specifically uses plant oil, which is obtained by
decomposing fatty acids using extracellular lipase, and
the resulting fatty acids enter to the peroxisomes. Bio-
synthesis begins from acetyl-CoA and forms malate, the
precursor of GTP through several enzymatic reactions.
On the other hand, citrate an intermediate of the TCA
cycle in mitochondria is converted to isocitrate in per-
oxisomes. Isocitrate is partly converted to glyoxylate,
and finally converted to malate.

The resulting metabolites from carbon sources in sev-
eral riboflavin overproducers enter the riboflavin bio-
synthetic pathway. Biosynthesis starts from GTP and
the final product is riboflavin; the precise fluxes are de-
scribed as follows.

Guanosine-triphosphate (GTP), as a Precursor of
Riboflavin

Fig. 1 shows a proposed model of metabolic flux of
riboflavin production in Ashbya gossypii. There are
many steps from substrate to riboflavin, and the meta-
bolic flux to riboflavin can be separated into specific
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Fig. 1. Proposed model for the metabolic flux for riboflavin production by Ashbya gossypii, Bacillus subtilis, and Candida famate. Ab-
breviations: G-6P, Glucose-6-phosphate; 3PG, 3-phosphoglycerate; PEP, Phosphoenolpyruvate; Ribu-5P, Ribulose-5-phosphate; OAA,
Oxaloactate; Asp, Aspatate; Thr, Thre- onine; Gly, Glycine; Ser, Serine; GTP, Guanosine triphos-phate; GMP, Guanosine monophos-
phate; XMP, Xanthine monophosphate; IMP, Inosine monophosphate; DRTP, 2, 5-diamino-6-ribosylamino-4 (3H)-pyrimidinedione
5-phosphate; ARP, 5-amino-6-ribitylamino-2, 4 (1H, 3H)-pyrimidine; DBP, L-3, 4-dihydroxy-2-butanone-4-phosphate; DMRL, 6, 7-

dimethyl-8-ribityllumazine.

and non-specific reactions. As shown in Fig. 1, most of
the metabolites concentrate upon GTP, which is the
first precursor of riboflavin. From this compound, six
specific reaction steps are required to produce riboflavin.
GTP as a purine, which was built de novo from amino
acids, tetrahydrofolate derivatives, and CO, are well
known to stimulate riboflavin overproduction in many
organisms.

The sugar moiety is from ribose-5-phosphate from
the pentose phosphate pathway. It has been shown
that the 4 carbon, 5 carbon, and 7 nitrogen atoms of the
purine ring originate from glycine [59]. Therefore, gly-
cine stimulates riboflavin overproduction as a precursor
of purine. Then results were obtained with Candida sp.
[7,9,12] and A. gossypii [36]. Glycine in the riboflavin
biosynthesis was not associated to cell growth, but only
product formation [34], which is thought to be a limit-
ing precursor in riboflavin overproduction.

In early work with S. cerevisiae, two pathways of gly-
cine biosynthesis were described as follows [60]; one is
a glycolytic pathway starting from the glycolytic in-
termediate, 3-phosphoglycerate on a glucose medium.
The other is a gluconeogenetic pathway starting from
glyoxylate, a product of the anaplerotic glyoxylate cycle,
on ethanol or acetate medium. Recent work [61] identi-

Threonine

Acetaldehyde

N ~ Glyoxylate

Pyruvate Alanine

Serine ﬁ"/\ Glycine

THF N3,N!0-Methylene-THF

Fig. 2. Glycine biosynthesis in S. cerevisiae.

fied an additional glycine biosynthetic pathway, which
starts from threonine and act as a major source of gly-
cine in S. cerevisiae (Fig. 2).

Unlike Candida and Ashbya, E. ashbyii was not stimu-
lated by glycine. Instead, serine and threonine served
the same function [62]. It was elucidated that the two
compounds are converted to riboflavin through glycine
intracellularly [63, 64].

Purine, which is incorporated by glycine, stimulates
riboflavin overproduction. Among this xanthine had
been postulated for some times to be an intermediate
precursor because of its structural similarities. But in
the experiments with guanine auxotroph (lacking XMP
aminase) Aerobacter aerogenes [65,66), Candida guilli-
ermondii [67], and Corynebacterium sp. [68], it was
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proven that the main precursor was a guanine or gua-
nine nucleotide and the conversion of adenine, hy-
poxanthine and xanthine to riboflavin passed through a
guanine or guanine nucleotide.

As research progressed, it was proposed that the gua-
nine precursor is a nucleotide or nucleoside and the first
definitive evidence of this was obtained with a mutant
of Samonella typhimurium [69]. Such results were also
obtained with E. ashbyii [70-72] and B. subtilis [73].
Much work showed that GTP (I) is a real immediate
precursor of riboflavin. The most conclusive evidence
was found in E. coli [74], B. subtilis [75], the yeasts Pi-
chia guilliermondii (Candida guilliermondis) [76], and Toru-
lopsis candida (Candida flareri) [77].

Which Compound Follows GTP?

During biosynthesis, the 8-carbon atom is eliminated
as a single carbon unit. This result was obtained with E.
ashbyii [78]. In the early studies, the compound follow-
ing GTP was proposed to be 2,5-diamino-6-hydroxy-4-
ribitylaminopyrimidine, because this compound was
accumulated in a riboflavin auxotroph of S. cerevisiae
[79]. Through intensive researches it has recently been
shown that this group is derived from the ribose moiety
of GTP, which is incorporated without degradation into
the ribityl side chain. These results were obtained with
Salmonella typhimurium [69], E. ashbyii [72,80,81], Pichia
guilliermondii [82, 83], and B. subtilis [73]. As mentioned
above, the compound following GTP was suggested to
be  2,5-diamino-6-hydroxy-4-ribitylamino-pyrimidine
[79]. This compound was established to be 2,5-diamino-
6-ribosylamino-4  (3H)-pyrimidinedione 5'-phosphate
(DRTP) (II) in Fig. 3 [84] through 2,5-diamino-6-
hydroxy-4-ribosylaminopyrimidine 5'-phos-phate [85].

Two Different Steps to the Next Compound, 5-
Amino-6-ribitylamino-2, 4 (1H, 3H)-pyrimidine
(ARP)

In the early studies, the next compound was iden-tified
using auxotrophs of Aspergillus nidulans [86] and Sac-
charomyces  cerevisiae [87] as 5-amino-2,6-dihydroxy-4-
ribitylaminopyrimidine. Another research group sug-
gested that the compound was 5-amino-2,6-dioxy-4-
ribitylaminopyrimidine as the product was accumu-
lated in resting cells of the E. ashbyii [88] and a ribofla-
vin-deficient mutant of B. subiilis [89]. These com-
pounds are at present known to as ARP (III) [84]. Be-
tween DRTP (II) to ARP (III), there are two steps
including a deamination and a reduction as shown in
Fig. 4. Reduction precedes deamination in one pathway
and deamination occurs before reduction in the other
pathway. First, reduction before deamination was
found in a mutant S. cerevisiae [90]. Thereafter the same
result was shown in C. guilliermondii [82, 84] and A.
gossypii [91]. The second mechanism involving
reduction after deamination shown to operate in E. coli
[92] and B. subtilis [93].
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Fig. 3. Biosynthesis from GTP (I) to DRTP (II). A denotes
GTP cyclohydrolase II.
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Fig. 4. Two pathways from DRTP (II) to ARP (III). B and C
denote reductase and deaminase, respectively.
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Fig. 5. The origin of the four-carbon moiety as a precursor of
DMRL (IV). IITI and IV denote ARP and DMRL, respectively.
DBP (VII) is synthesized by DBP synthase (F) from D-Ribu-
SP (VI), one of glycolytic intermediates. D and E denote
DMRL synthase and riboflavin synthase, respectively.

Additional Four Carbon Moiety as a
Precursor of Riboflavin

In riboflavin biosynthesis, the pathway from ARP
(II) to 6,7-dimethyl-8-ribityllumazine (DMRL) (IV) in
Fig. 5 was the most recently elucidated because of the
origin of the four carbon moiety. Significant work was
performed on the origin of four carbons. The likely ori-
gin of the four carbons was ARP (III). Even though
much investigating work was performed, the origin of
the 4-carbon moiety remained a mystery for a long time.
At one time, it was seriously considered that acetoin
might be the source of the four carbons from work
upon E. ashbyii [94,95], and C. flareri [96]. But neither
acetoin nor acetate is found to be precursors of the di-
methylbenzene unit of riboflavin in E. ashbyii by label-
ing experiments [97]. Subsequently its oxidized form,
diacetyl was considered because it was known to
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condense nonenzymatically with ARP (III) to form
DMRL (IV) [95]. This hypothesis was supported by
other experiments with ethanol [98]. Feeding ethanol
during the fermentation of A. gossypii showed effective
stimulation of riboflavin formation. Ethanol was not
considered to be directly utilized to form riboflavin, but
to be metabolized to form diacetyl through acetal-
dehyde, pyruvate, and acetoin. Therefore, it was be-
lieved that ethanol might play a significant role in the
origin of the four carbon unit, but ethanol is currently
believed to be precursor of acetyl-CoA that proceeds to
isocitrate through the gluconeogenetic pathway. In ad-
dition, the incorporation of labeled diacetyl into ribo-
flavin was not sufficient proof of its role as a natural
precursor [99]. The stimulation of riboflavin production
by adding diacetyl can be explained by another reason,
which is that it acts like ethanol rather than as a pre-
cursor [100].

On the other hand, glucose and ribose were suggested
to be the true donors of the 4-carbon moiety [101], be-
cause they incorporated more efficiently than either
acetate or pyruvate. Some of the data obtained from
measurements of the incorporation of various radioac-
tive compounds were consistent with the view that a
pentose compound was the source of the four-carbon
unit [99]. Tetraose, formed via the pentose phosphate
pathway, was also reported to serve as the precursor of
the four-carbon biosynthetic unit [102]. Through vari-
ous experiments, considerable progress on the origin of
the four-carbon moiety was made in studies using A.
gossypii [103]. It was shown in in vivo studies with a
variety of *C-labeled precursors that the C-6a, C-6, C-7,
and C-7a of DMRL are biosynthetically equivalent to
C-1, C-2, C-3, and C-5 of the pentose phosphate pool.
C-4 of the pentose phosphates has no equivalent in lu-
mazine. It was shown that this carbon atom is elimi-
nated by an intramolecular sketal rearrangement [104].
Further studies revealed the same results with C. guil-
liermondii [105] and B. subtilis [106]. Several pentose and
pentulose phosphates could serve as the second sub-
strate in the reaction to form lumazine. That is, the
formation of the four-carbon moiety was deter- mined
by the loss of the internal carbon atom 4 from a pentose
precursor.

On the other hand, the enzyme that catalyzed the
formation of DBP (VII) from D-Ribu-5P (VI) was re-
ported [107] from C. guilliermondii. DBP could yield the
lumazine with ARP (III). Therefore, this compound
was thought to be an obligatory intermediate of ribo-
flavin biosynthesis (Fig. 5).

Conversion of DMRL to Riboflavin

As the nearest precursor of riboflavin (V),DMRL (IV)
in Fig. 5 was identified during the early research period
[96,108]. Our understanding of the transformation step
between DMRL and riboflavin was elucidated by ex-
periments with A. gossypii and E. ashbyii [109]. It be
came apparent that two moles of DMRL react to give
one mole of riboflavin and one mole of ARP (III). The
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Fig. 6. Bioconversion of DMRL (IV) to riboflavin (V), which
is catalyzed by riboflavin synthase (E).

regiospecificity of the reaction have been elucidated by
experiments with [7-’H,;] DMRL as substrate [110]. Ri-
boflavin formed from labeled substrate contained deu-
terium in positions 9 and 7a. Thus, the two four carbon
moieties ultimately form the xylene ring (Fig. 6). This
regiosFecificity was later confirmed by experiments
with ®C-labeled substrates [111] and deuterium-based
experimentation [112]. The other product of the reac-
tion, ARP (III), was suggested to be reused to form an-
other molecule of DMRL (IV) [113], but no firm evi-
dence exists for enzymatic reutilization except for the
results obtained with E. ashbyii [114], which showed
that the ARP (III) was reused, at least in part. At pres-
ent, it has been established that the by-product, ARP,
can enter the biosynthesis of riboflavin (V) as a precur-
sor because the by-product is also the same biosyntheti-
cally and structurally to produced compound from
DRTP (II).

As mentioned above, the starting materials of ribofla-
vin biosynthesis are GTP (I) and Ribu-5P (VI), and
there are many intermediates on the pathway. On the
other hand, several enzymes are concerned in these re-
actions, and these are described in the following section.

Enzymes Related to Riboflavin Biosynthesis and
Regulations of GTP Cyclohydrolase II

On the riboflavin biosynthetic pathway, the starting
material, GTP (I) is catalyzed by GTP cyclohydrolase II
and forms formate and DRTP (II) as shown in Fig. 3.
The enzyme was found and reported initially a few ex-
periment with E. coli [74] and was suggested to be GTP
cyclohydrolase 1I because it differed from a previously
studied E. coli enzyme known to be involved in folic
acid biosynthesis. GTP cyclohydrolase II catalyzes the
initial and rate-limiting step of riboflavin biosynthesis
and is subject to multiple metabolic controls. Much
work has been performed upon the properties of GTP
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cyclohydrolase II of B. subtilis [115,116] and E. coli [117].
In particular, enzyme of B. subrilis was a bifunctional
enzyme that could also catalyze the formation of 3,4-
dihydroxy-2-butanone 4-phosphate from ribulose 5-
phosphate [118], and the GTP cyclohydrolase II of E.
coli and B. subtilis was specified by the gene ribA. Re-
cently, the gene RIB1 in S. cerevisiae, which encodes
GTP cyclohydrolase, was cloned by functional comple-
mentation of the corresponding mutation [119,120].
Contemporaneously the structure gene RIB71 encoding
GTP cyclohydrolase II of Pichia guillermondii has been
cloned by functional complementation of a ribA muta-
tion in E. coli [121]. The deduced protein sequence ob-
tained showed significant homologies to GTP cyclo-
hydrolase from S. cerevisiae and its C-terminal half
homologies to the enzyme of E. coli and B. subtilis
[122].

Reductase and Deaminase

The existence of two enzymes involved in the bio-
synthesis of riboflavin was reported in E. coli [92]. These
two enzymes catalyzed the conversion reaction of the
product by GTP cyclohydrolase II and DRTP (II), to
ARP (III). There are two enzymatical steps between the
two compounds. First, deamination at carbon 2 of the
ring by deaminase was by-passed and instead the ribo-
sylamino group was reduced to a ribitylamino group by
reductase. These results are in general agreement with
those of S. cerevisiae [123]. The major difference is that
in yeast, reduction precedes deamination, whereas in E.
coli deamination occurs first, as shown in Fig. 4. Reduc-
tase activity was also shown in the filamentous fungus,
A. gossypii [91] and in the yeast, C. guilliermondii [84].

In the meanwhile, reductase and deaminase in yeast,
S. cerevisiae [124], is specified by the genes RIB7 and
RIB2, respectively, and in other yeast, Pichia guillermon-
dii (Candida guilliermondis) [122], by RIB2 and RIB3, re-
spectively, but the yeast enzymes have not been studied
in detail. On the contrary, the complete sequence of the
B. subrilis [53,115] and E. coli [125] riboflavin operon has
been determined. In B. subtilis, it is known that the gene
tibG encodes deaminase and that the gene ribT encodes
reductase [126], but further study concluded that the
tibG gene could code for a bifunctional deaminase and
reductase [127], which was arrived at by comparing the
homology between the 3’ end of the ribG gene of B. sub-
tilis and the RIB7 gene of S. cerevisiae coding for reduc-
tase. An E. coli gene with sequence homology to the B.
subtilis ribG gene has also been identified as ribD
[127,128]. In common with ribG of B. subtilis, ribD of E.
coli codes for a bifunctional deaminase and reductase in
regular order.

DMRL Synthase or the B-Subunit of
Riboflavin Synthase

Lumazine, DMRL (IV) is biosynthesized from ARP
(IIT) and DBP (VII) by the enzyme lumazine synthase,
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as shown in Fig. 5. The gene coding for lumazine syn-
thase in S. cerevisiae has been cloned as RIB4 [129]. Gene
RIB4 is a single copy gene located on the left arm of
chromosome XV as indicated by hybridization analysis
and its deduced amino acid sequence showed extensive
homology to the sequence of the B-subunits of ribofla-
vin synthase from B. subtilis. Lumazine synthase occurs
as a constituent of the enzyme complex in B. subtilis,
which consists of 60 B-subunits and 3 a-subunits [130].
The B-subunits indicating lumazine synthase form a
capsid with icosahedral 532 symmetry [131,132] and is
specified by the gene ribH of the riboflavin operon on
the B. subtilis chromosome [126]. The a-subunits, an-
other component of the riboflavin synthase enzyme
complex, formed a trimer that is enclosed in the central
core of the icosahedral B-subunit capsid. Lumazine syn-
thase of E. coli is specified by a gene-designated ribE.
The protein is an empty icosahedral capsid consisting of
60 subunits. In contrast to the homologous B. subtilis
protein, it does not form a complex with riboflavin syn-

thase [133].

Riboflavin Synthase or the a-Subunits of
Riboflavin Synthase

The terminal step of riboflavin biosynthesis is cata-
lyzed by riboflavin synthase. This enzyme catalyzes the
dismutation of two molecules of the substrate DMRL
(IV) to yield one molecule each of riboflavin(V) and ARP
(IIT) as shown in Fig. 6. As mentioned-above, B. subtilis
has two different riboflavin synthases characterized by
o-subunits and B-subunits. The enzyme catalyzing the
last step of riboflavin biosynthesis is specified by the
gene ribB of the riboflavin operon on the B. subtilis [126].
The derived amino acids sequence showed internal ho-
mology existed between the N-terminal and C-terminal
halves of the protein, which suggests that the promoter
forms two structurally similar substrate-binding domains
[134]. Because, the enzyme binds two molecules of the
substrate DMRL, during enzymatic riboflavin production,
one mole of the substrate DMRL acts as the donor and
the other, as the acceptor of the four-carbon moiety.
These two sites are distinguished as the acceptor site
binds the product riboflavin, whereas the donor site
binds the 2nd product 5-amino-2, 6-dihydroxy-4-ribityl-
amino-pyrimidine [135,136]. A gene ribC encoding mono
functional riboflavin synthase in E. coli was specified
[137] and cloned onto a 6kb DNA segment by marker
rescue using a ribC mutant of E. coli. In common with E.
coli, S. cerevisiae has also a monofunctional ribofla-vin
synthase. The gene RIB5 encoding this enzyme was
isolated from a yeast genomic library by functional
complementation of a mutant, rib5-10, lacking ribofla-
vin synthase activity [138]. The deduced amino acid
sequence showed extensive homology to the sequence
of the a-subunits of riboflavin synthase of B. subtilis.
These internal homologous characteristics suggested
that the Ripbp subunit contained two structurally re-
lated but catalytically different domains.
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DBP Synthase

The xylene ring of riboflavin originates by dismu-
tation of the precursor, DMRL (IV). The formation of
the latter compound requires a four-carbon unit. DBP
(VII) as the four-carbon unit incorporated into ribofla-
vin (V) [107,139]. Ribulose 5-phosphate (VI) served as
substrate for the formation of DBP (VII) as catalyzed
by the enzyme DBP synthase (Fig. 5). The enzyme cata-
lyzes the release of carbon 4 of ribulose 5-phosphate as
formate, which is accompanied by a complex rear-
rangement reaction conducive to the formation of DBP
from carbon atoms 1,2,3 and 5 of the substrate [139].

As mentioned above in GTP cyclohydrolase II, the
ribA encoding GTP cyclohydrolase II in B. subtilis could
be also specify DBP synthase bifunctionally [118]. In
contrast to B. subtilis, E. coli has two separate genes,
tibB and ribA, that encode the function of DBP syn-
thase [118] and GTP cyclohydrolase II [117], respec-
tively. The RIB3 gene of S. cerevisiae specifying syn-
thase was cloned by the same method that was used to
clone the ribB in E. coil [140].

GENETICS FOR A. GOSSYPII AS AN
OVERPRODUCER OF RIBOFLAVIN

In riboflavin biosynthesis, there are six specific en-
zymatic pathways (Fig. 1). However, the metabolic flux
to riboflavin is also determined by numerous nonspe-
cific reactions. This means that riboflavin production
may be enhanced by supplementation. Ribitol [141],
purine [34], or glycine [31,34,36] was studied as enhan-
cers in the early stages of riboflavin production. Among
these, glycine is thought to be a limiting precursor in
riboflavin overproduction. Glycine supplementation
during fermentation with A. gossypii doubled riboflavin
production at least without growth variations. As men-
tioned in the riboflavin biosynthesis, there are three
routes of glycine enzymatic biosynthesis, among these,
serine hydroxymenthyltransferase is the most wide-
spread (Fig. 2). Another enzyme, glutamate glyoxylate
aminotransferase (Fig. 2) was found in the mitochon-
dria of a fungus. Thus this enzyme is not co-located
with isocitrate lyase in the peroxisomes, which is a
main location site of riboflavin metabolic flux. Glycine
biosynthesis was discovered in S. cerevisiae through the
threonine aldolase and later it was understood to be the
main reaction [61,142]. Therefore, the gene GLY7 en-
coding the threonine aldolase of A. gossypii was iso-
lated by heterologous complementation of the glycine-
auxotrophic S. cerevisiae [143]. In contrast to S. cere-
visiae the GLY1 knockout mutant of A. gossypii was
not auxotrophic for glycine. This means that threonine
aldolase plays only a minor role during glycine biosyn-
thesis in A. gossypii. Nevertheless, overexpression of
AgGLY1 under the control of the constitute TEF pro-
moter and terminatorled to a 10-fold increase of
threonine aldolase specific activity and a 9-fold increase
in riboflavin production when the medium was sup-
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plemented with threonine. This strong enhancement
could not be achieved by supplementation of glycine
alone.

In terms of the metabolism of riboflavin, the glyoxy-
late cycle as well as glycine biosynthesis is important,
because the glyoxylate cycle is essential for the degrada-
tion of plant oil in riboflavin production. There are de-
graded to fatty acids and glycerol by an extracellular
lipase [48] and are the preferred substrates for riboflavin
biosynthesis because of their yield-enhancing effects
[25]. Since the two starting precursors of riboflavin are
originated from carbohydrate metabolism, the glyoxy-
late cycle in cooperation with gluconeogenesis plays an
indispensable function in terms of growth and ribofla-
vin production in A. gossypii. Therefore, in this meta-
bolic pathway, enzymatic activity of isocitrate lyase,
which catalyzes the cleavage of isocitrate to glyoxylate
and succinate through a carbon-conserving pathway, is
a key point. Recently, a correlation between isocitrate
lyase activity and riboflavin production was studied
[47] and the isocitrate lyase-encoding gene AgICL1 was
isolated from A. gossypii by heterologous complementa-
tion of S. cerevisiae iclld mutant [144]. In contrast to S.
cerevisiae ICL1 that is located in the cytosol [145, 146],
AgICL1 is located in the peroxisomes. AgICL1 was sub-
ject to glucose repression and derepressed by glycerol,
and was also in part induced by ethanol and acetate and
fully induced by soybean oil. These results agree well
with the result that soybean oil is an enhanced carbon
source in riboflavin production by A. gossypii.

On the other hand, using a molecular approach, a
study of the structural gene of A. gossypii was also un-
dertaken [50]. The structural gene VAIA1 encoding
vacuolar ATPase subunit A was cloned. Disruption of
this gene of A. gossypii could lead to the complete excre-
tion of riboflavin into medium, instead of its retention
in vacuolar compartments. Because riboflavin produc-
tion by A. gossypii starts in the late growth phase when
septa and vacuoles are formed in the hyphae and con-
comitantly, vacuoles begin to accumulate large
amounts of riboflavin. Therefore A. gossypii lacking the
intracellular vacuoles can produce more riboflavin
without experiencing lethal effects, like S. cerevisiae.
The same results were obtained with concanamycin A,
which inhibits the vacuolar ATPase, which means that
riboflavin accumulation to vacuoles depends on the ac-
tivity of the ATPase.

Summarizing from the genetic viewpoint, the AgICL1
encoding isocitrate lyase is thought to be a key gene in
riboflavin production and the VAIA1 gene disruptant
can cause the excretion of riboflavin extracellularly. The
former has the ability to promote the main metabolic
flux in the total metabolism, the latter has the ability to
excrete the final product into the broth.

CONCLUSION

Recently the riboflavin production is shifting from
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chemical synthesis to microbial production. The micro-
bial production of riboflavin was reviewed with the
viewpoints of biosynthesis, key enzymes, and enzyme
related genes. In the metabolic viewpoint for riboflavin
overproduction the supplementation method of GTP, a
limiting precursor should be developed. Especially in the
case of fungi using vegetable oil as a carbon source, the
GTP fluxes from glyoxylate cycle, in which case the key
enzymes in the glyoxylate cycle need to be strengthen.
The research on a gene that is related with key enzyme,
AgICL1 is carrying out to produce riboflavin efficiently.
With the progress of these metabolic, biosynthetic, and
genetic developments the riboflavin production will be
completely replaced by microbial production in a near
future.

REFERENCES

[1] Demain, A. L. (1999) [Online] Stunning achievements of
industrial microbiology. |http://www.asmusa.org/meq
[ponly/psmnews/may99/feature/.html.

[2] Lago, B. D. and L. Kaplan (1981) Vitamin fermentations
B, and B,,, pp. 241-242. In: M. Moo Young (eds.). Ad-
vances in Biotechnology: vol. 3, Pergamon, Toronto, Can-
ada.

[3] Vandamme, E. J. (1992) Production of vitamins, coen-
zymes and related biochemicals by biotechnological pro-
cesses. J. Chem. Tech. Biotechnol. 53: 313-327.

[4] Stamann, K. -P., J. L. Revuelta, and H. Seulberger (2000)
Three biotechnical processes using Ashbya gossypii, Can-
dida famate, or Bacillus subtilis compete with che-mical ri-
boflavin production. Appl. Microbiol. Biotechnol. 53: 509-
516.

[5] Hickey, R. J. (1945) The inactivation of iron by 2,2'-
bipyrimidine and its effect on riboflavin synthesis by
Clostridium acetobutylicum. Arch. Biochem. 8: 439-447.

[6] Tanner, F. W. Jr., Ch. Vajnovich, and J. Van Lanen (1945)
Riboflavin production by Candida species. Science 101:
180-181.

[7] Goodwin, T. and D. McEvoy (1959) General factors con-
trolling flavinogenesis in the yeast Candida flareri. Bio-
chem. J. 71: 742-748.

[8] Burkholder, P. R. (1943) Synthesis of riboflavin by yeast.
Proc. Nat. Acad. Sci. USA. 29: 166-172.

[9] Burkholder, P. R. (1943) Influence of some environ-
mental factors upon the production of riboflavin by
yeast. Arch. Biochem. 3: 121-130.

[10] Enari, T. M. (1955) Effect of cobalt and iron on riboflavin
production by Candida guilliermondia. Acta Chem. Scand.
9:1726-1727.

[11] Takao, S (1964) Riboflavin biosynthesis by Candida ro-

busta; Part I11. Effect of metal ion and necessity of CaCO,.

Agr. Biol. Chem. 28: 765-769.

[12] Giri, K. V. and P. R. Krishnaswamy (1954) The synthesis
of riboflavin by a mutant yeast, Saccharomyces cerevisiae. J.
Bacteriol. 67: 309-332.

[13] Levine, H., ]. E. Oyaas, L. Wasserman, J. C. Hoogerheide,
and R. M. Stern (1949) Riboflavin production by Candida
yeasts. Ind. Eng. Chem. 41: 1665-1668.

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 2

[14] Heefner, D., C. A. Weaver, M. J. Yarus, L. A. Burdzinski,
D. C. Gyure, and E. W. Foster (1988) Riboflavin produc-
ing strains of microorganisms, method for selecting, and
method for fermentation. Patent WO 88/09822.

[15] Guilliermond, A., M. Fontaine, and A. Raffy (1935) Sur
I'Existence dans I’Eremothecium Ashbyii d’'un pigment
jaune se rapportant au groupe des flavines. C. R. Acad. Sci.
201: 1077-1080.

[16] Mclaren, ]J. A. (1952) The effects of certain purines and
pyrimidines upon the production of Riboflavin by
Eremothecium ashbyii. J. Bacteriol. 63: 233-241.

[17] Yaw, K. E. (1952) Production of riboflavin by Eremothe-
cium ashbyii growth in a synthetic medium. Mycologia.
44:307-317.

[18] Hickey, R. J. (1953) Some nutritional requirements for
biosynthesis of riboflavin by Eremothecium ashbyii. J. Bac-
teriol. 66: 27-33.

[19] Beesch, S. C. and B. N. Frazer (1953) Riboflavin by mi-
crobiology fermentation. To publiker Industries Inc. US
patent 2.647, 704.

[20] Stepanov, A. I, M. Yu. Beburov, and V. G. Zhdanov
(1974) Mutants of Eremothecium ashbyii resistant to 8-
azaguanine; Communication I. Isolation of mutants and
study of the level of riboflavin biosynthesis. Sov. Genet. 8:
729-733.

[21] Kalingan, A. E. and M. R. V. Krishnan (1997) Application
of agro-industrial by-products for riboflavin production
by Eremothecium ashbyii NRRL 1363. Appl. Microbiol.
Biotechnol. 47: 226-230.

[22] Vaghy, T. (1971) Correlation between the morphological
variability and riboflavin producing capacity of Eremo-
thecium ashbyii. Acta  Microbiol. Acad. Sci. Hung. 18: 75-
80.

[23] Stepanov, A. I, M. Yu. Beburov, and V. G. Zhdanov
(1974) The use of mutagenic factors in the selection of
the riboflavin producer Eremothecium ashbyii. Sov. Genet.
8: 745-749.

[24] Ozbas, T. and T. Kutsal (1986) Riboflavin production by
Eremothecium ashbyii in a batch stirred tank fermentor.
Biotechnol. Lett. 8: 441-444.

[25] Ozbas, T. and T. Kutsal (1986) Comparative study of
riboflavin production by two organisms Eremothecium
ashbyii and Ashbya gossypii. Enzyme Microb. Technol. 3:
593-596.

[26] Kolonne, S., R. J. Seviour, and B. M. McDougall (1994)
Effect of pH on exocellular riboflavin production by
Eremothecium ashbyii. Biotechnol. Lett. 16: 79-84.

[27] Bigelis, R. (1989) Industrial products of biotechnology:
application of gene technology, pp. 243. In: H. J. Rehm,
and G. Reed (eds.). Biotechnology, vol. 7b, Weinheim: VCH.

[28] Batra, L. R. (1973) Nematosporaceae (Hemiascomyceti-
dae) taxonomy, pathogenicity distribution and vector re-
lations. USDA Technical Bull. 1469. 8: 71-74

[29] Moore, H. N., G. de Becze, and E. Schraffenberger (1947)
Studies on Eremothecium ashbyii. J. Bacteriol. 53: 502.

[30] Wickerham, L. J., M. H. Flickinger, and R. M. Johnston
(1946) The production of riboflavin by Ashbya gossypii.
Arch. Biochem. 9: 95-98.

[31] Demain, A. L. (1972) Riboflavin oversynthesis. Annu. Rev.


http://www.asmusa.org/me-monly/
http://www.asmusa.org/me-monly/

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 2

Microbiol. 26: 369-388.

[32] Goodman, ].]. and R. R. Ferrera (1954) Synthesis of ribo-
flavin by Ashbya gossypii grown in a synthetic medium.
Mycologia. 46: 556.

[33] Smith, C. G., G. A. Smith, and Z. Papadoupoulou (1961)
Effect of surface active agents on the biosynthesis of ri-
boflavin by Ashbya gossypii. Biochem. Biophys. Acta. 47: 344
-349.

[34] Kaplan, L. and A. L. Demain (1970) Nutritional studies
on riboflavin overproduction by Ashbya gossypii, pp. 137-
159. In: D. G. Ahearn (eds.). Recent Trends in Yeast Re-
search. Georgia State Univ., Atlanta, GA, USA.

[35] Malzahn, R. C,, R. F. Philips, and A. M. Hanson (1963)
The production of riboflavin by Ashbya gossypii. Bacteriol.
Proc. 21.

[36] Hanson, A. M. (1967) Microbial production of pigments
and vitamins. pp. 222-250. In: H. ]. Peppler (eds.). Micro-
bial Technology: Reinhold, USA.

[37] Szczesniak, T., L. Karabin, M. Szczepankowska, and K.
Wituch (1971) Biosynthesis of Riboflavin by Ashbya
gossypii. Part 1. The influence of fats of the animal origin
on the riboflavin production. Acta Microbiologica Polonica
Ser. B. 3: 29-34.

[38] Chiao, J., Y. Gwan, Y. Shen, W. Chen, C. Lang, and H.
Wang (1960) Studies on the biosynthesis of riboflavin by
Ashbya gossypii 1. Factors affecting the high yield of ribo-
flavin. Acta Biol. Exp. Sinica 7: 161.

[39] Szczesniak, T., L. Karabin, M. Szczepankowska, and K.
Wituch (1971) Biosynthesis of Riboflavin by Ashbya
gossypii. Part II. The influence of animal proteins on the
riboflavin production. Acta Microbiologica Polonica Ser. B.
3: 91-95.

[40] Plaut, G. W. E. (1961) Water-soluble vitamins, Part II.
Folic acid, Riboflavin, Thiamine, Vitamin B,,. Ann. Rev.
Biochem. 30: 409-446.

[41] Cerletti, P., R. Strom, M. G. Giordano, D. Barra, and S.
Giovenco (1965) Flavin coenzymes, flavinogenesis and
reproduction in Ashbya gossypii. J. Biochem. 57: 773-786.

[42] Mukerji, K. G. (1968) C.M.I. Descriptions of pathogenic
fungi and bacteria No. 185. Commonwealth Agricultural Bu-
reaux. The Eastern Press, London, UK.

[43] Obert, M., P. Peeifer, and M. Sernetz (1990) Microbial

growth patterns described by fractal geometry. J. Bacteriol.

172:1180-1185.

[44] Stahmann, K.-P., C. Kupp, S. D. Feldmann, and H. Sahm
(1994) Formation and degradation of lipid bodies found
in the riboflavin-producing fungus Ashbya gossypii. Appl.
Microbiol. Biotechnol. 42: 121-127.

[45] Weber, D. J. (1980) Lipid metabolism during fungal de-
velopment. pp. 300-325. In: J. D. Weete (eds.). Lipid Bio-
Chemistry  of Fungi and Other Organisms, Plenum, NY,
USA.

[46] Schmidt, G., K.-P. Stahmann, and H. Sahm (1996) Inhibi-
tion of purified isocitrate lyase identified itaconate and
oxalate as potential antimetabolites for the riboflavin
overproducer Ashbya gossypii. Microbiology 142: 411-
417.

[47] Schmidt, G., K.-P. Stahmann, B. Kaesler, and H. Sahm
(1996) Correlation of isocitrate lyase activity and ribofla-
vin formation in the riboflavin overproducer Ashbya

85

gossypii. Microbiology. 142: 419-426.

[48] Stahmann, K.-P., T. Boddecker, and H. Sahm (1997)
Regulation and properties of a fungal lipase showing in-
terfacial inactivation by gas bubbles, or droplets of lipid
or fatty acid. Eur. J. Biochem. 244: 220-225.

[49] Eoster, C., S. Marienfeld, V. F. Wendisch, and R. Krdmer
(1998) Adaptation of the filamentous fungus Ashbya
gossypii to hyperosmotic stress: different osmoresponse
to NaCl and mannitol stress. Appl. Microbiol. Biotechnol.
50: 219-226.

[50] Eoster, C., S. Marienfeld, R. Wilhelm, and R. Krimer
(1998) Organelle purification and selective permeabilisa-
tion of the plasma membrane: two different approaches
to study vacuoles of the filamentous fungus Ashbya gos-
sypii. FENIS Microbiol. Lett. 167: 209-214.

[51] Bacher, A., M. Fisher, K. Kis, K. Kugelbrey, S. Mértl, J.
Scheuring, S. Weinkauf, S. Eberhardt, K. Schmidt-Base, R.
Hurber, K. Ritsert, M. Cushman, and R. Ladenstein
(1996) Biosynthesis of riboflavin: structure and mecha-
nism of lumazine synthase. Biochem. Soc. Trans. 24: 89-
94.

[62] Sauer, U., V. Hatzimanikatis, H.-P. Hohmann, M. Man-
neberg, A. P. G. M. Loon, and J. E. Bailey (1996) Physiol-
ogy and metabolic fluxes of wild-type and riboflavin-
producing Bacillus subtilis. Appl. Environ. Microbiol. 62.
3687-3696.

[63] Perkins, J. B., J. G. Pero, and A. Sloma (1991) Riboflavin
overproducing strains of bacteria. European patent
application 0-405-370-Al.

[54] Contasti, V. and S. Bahar (1988) Riboflavin production
by Candida guilliermondii from liquid brewery waste. Acta
Cient. Venez. 39: 69-74.

[65] Ghozlan, H. A. (1994) Utilization of beet molasses for
riboflavin production by Mycobacterium phlei. |. Basic
Microbiol. 34: 157-162.

[56] Sabry, S. A., A. H. El-Refai, and S. Y. Gamati (1989) Ribo-
flavin formation by mould fungi cultivated on hydrocar-
bon-containing media. Microbios. 57: 33-40.

[57] Omar, S. H. and Z. A. Olama (1985) Utilization of hy-
drocarbons by some fungi isolated from El-Alameen
crude oil refineries. Commun. Sci. Devel. Res. 12: 1.

[58] Sabry, S. A, K. M. Ghanem, and H. A. Ghozlan (1993)
Riboflavin production by Aspergillus terreus from beet-
molasses. Microbiologia 9: 118-124.

[59] Stryer, L. (1995) Biosynthesis of nucleotides: Biochemis-
try. 4th ed., pp. 739-740. W. H. Freeman and Co., NY,
USA.

[60] Ulane, R. and M. Ogur (1972) Genetic and physiological
control of serine and glycine biosynthesis in Saccharomy-
ces. J. Bacteriol. 109: 34-43.

[61] McNeil, ]. B., E. M. McIntosh, B. V. Taylor, F. Zhang, S.
Tang, and A. L. Bognar (1994) Cloning and molecular
characterization of three genes, including two genes en-
coding serine hydroxymethyltransferase, whose inactiva-
tion is required to render yeast auxotrophic for glycine. /.
Biol. Chem. 269: 9155-9165.

[62] Goodwin, T. W. and S. Pendlington (1954) Studies on the
biosynthesis of riboflavin. Nitrogen metabolism and fla-
vinogenesis in Eremothecium ashbyii. Biochem. J. 57: 631-
641.



86

[63] Goodwin, T. W. and O. T. G. Jones (1956) Studies on the
biosynthesis of riboflavin. 3. The utilization of “C-
labelled serine for riboflavin biosynthesis by Eremothecium
ashbyii. Biochem. J. 64: 9-13.

[64] Goodwin, T. W. and A. A. Horton (1960) Studies on fla-
vinogenesis. 6: The role of threonine in riboflavin bio-
synthesis in Eremothecium ashbyii. Biochem. J. 75: 53-57.

[65] Bacher, A. and F. Lingens (1969) The structure of the
purine precursor in riboflavin biosynthesis. Angew. Chem.
Int. Ed. Engl. 8: 371-372.

[66] Bacher, A. and B. Maildnder (1973) Biosynthesis of ribo-

flavin. The structure of the purine precursor. J. Biol. Chem.

248: 6227-6231.

[67] Shavlovskii, G. M., L. P. Strugovshchikova, and E. M.
Logvinenko (1971) Flavinogenesis in guanine-dependent
mutants of Candida guilliermondii. Dokl. Akad. Nauk.
SSSR. 196: 701-704.

[68] Baugh, C. M. and C. L. Krumdieck (1969) Biosynthesis of
the purine precursor of riboflavin in Corynebacterium. J.
Bacteriol. 98: 1114-1119.

[69] Maildnder, B. and A. Bacher (1976) Biosynthesis of ribo-
flavin. Structure of the purine precursor and origin of the
ribityl side chain. J. Biol. Chem. 251: 3623-3628.

[70] Mitsuda, H. and K. Nakajima (1973) Effects of 8-
azaguanine on riboflavin production and on the nucleo-
tide pools in non-growing cells of Eremothecium ashbyii. J.
Nutr. Sci.Vitaminol. 19: 215-227.

[71] Mitsuda, H. and K. Nakajima (1975) Guanosine nucleo-

tide precursor for flavinogenesis of Eremothecium ashbyii. J.

Nutr. Sci. Vitaminol. 21: 331-345.

[72] Mitsuda, H. and K. Nakajima (1975) The immediate nu-
cleotide precursor, guanosine triphosphate, in the ribo-
flavin biosynthetic pathway. J. Nutr. Sci. Vitaminol. 23:
23-24.

[73] Bresler, S. E., G. E. Gorinchuk, T. P. Chernik, and D. A.
Perumov (1978) Operon of riboflavin biosynthesis in Ba-
cillus subtilis. XV. A study of mutants related to the ini-
tial stages of biosynthesis. The origin of the ribityl chain
of the riboflavin molecule. Genetika 14: 2082-2090.

[74] Foor, F. and G. M. Brown (19795) Purification and proper-
ties of guanosine triphosphate cyclohydrolase II from Es-
cherichia coli. ]. Biol. Chem. 250: 3545-3551.

[75] Bresler, S. E. and D. A. Perumov (1979) Study of the op-
eron for riboflavin biosynthesis in Bacillus subtilis. Influ-
ence of genotype on regulating the synthesis of GTP-5-
triphosphate cyclohydrolase. Genetika 15: 967-971.

[76] Shavlovskii, G. M., E. M. Logvinenko, V. E. Kashchenko,
L. V. Kolton, and A. E. Zakal’skii (1976) Determination
of GTP-cyclohydrolase, the first enzyme of riboflavin
biosynthesis from the yeast Pichia guilliermondii. Dokl.
Akad. Nauk. SSSR. 230: 1485-1487.

[77] Shavlovskii, G. M., V. E. Kashchenko, L. V. Kolton, E. M.
Logvinenko, and A. E. Zakal'skii (1977) Regulation of
synthesis of GTP-cyclohydrolase participating in yeast
falvinogenesis by iron. Mikrobiologiia 46: 578-580.

[78] Hayes, D. H. and G. R. Greenberg (1969) Conversion of
C-8 of guanine into a one carbon unit during riboflavin
biosynthesis. Bull. Soc. Chim. Biol. 51: 1187-1198.

[79] Bacher, A. and F. Lingens (1970) Formation of 2,5-
diamino-6-hydroxy-4-(1’-D-ribitylamino) pyrimidine in a

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 2

riboflavin auxotroph. J. Biol. Chem. 245: 4647-4652.

[80] Mitsuda, H., K. Nakajima, and T. Nadamoto (1976)
Nucleotide precursor in riboflavin biosynthesis. J. Nutr.
Sci. Vitaminol. 22: 477-480.

[81] Mitsuda, H., K. Nakajima, and Y. Yamada (1977) Studies
on the intermediates in the biosynthetic pathway of ri-
boflavin. I. Identification of a green fluorescent com-
pound, Compound G, accumulated in non-growing cells
of Eremothecium ashbyii by the addition of dimeric diace-
tyl. J. Nutr. Sci.Vitaminol. 23: 305-318.

[82] Miersch, J., E. M. Logvinenko, A. E. Zakalsky, G. M.
Shavlovskii, and H. Reinbothe (1978) Origin of the ribityl
side-chain of riboflavin from the ribose moiety of guanos-
ine triphosphate in Pichia guilliermondii yeast. Biochim.
Biophys. Acta. 543: 305-312.

[83] Logvinenko, E. M., G. M. Shavlovskii, and A. E. Zakalsky
(1979) Product of second-stage riboflavin biosynthesis in
Pichia guilliermondii. Mikrobiologiia 48: 756-758.

[84] Nielsen, P. and A. Bacher (1981) Biosynthesis of ribofla-
vin. Characterization of the product of the deaminase.
Biochim. Biophys. Acta 662: 312-317.

[85] Bacher, A., U. Eggers, and F. Lingens (1973) Genetic con-
trol of riboflavin synthetase in Bacillus subtilis. Arch.
Mikrobiol. 89: 73-77.

[86] Sadique, ]., R. Shanmugasundaram, and E. R. B. Shan-
mugasundaram (1966) Isolation of 5-amino-4-ribityl-
aminouracil from a riboflavinless mutant of Aspergillus
nidulans. Biochem. J. 101: 2C.

[87] Lingens, F., O. Oltmanns, and A. Bacher (1967) Uber
Zwischenproducte der  Riboflavin-Biosynthese  bei
Saccharomyces cerevisiae. Z. naturforsch. 22B: 755-758.

[88] Mitsuda, H. and K. Nakajima (1976) Isolation of 4-
ribitylamino-5-amino-2,6-dihydroxypyrimidine from a
high flavinogenic mold Eremothecium ashbyii. J. Nutr. Sci.
Vitaminol. 22: 307-312.

[89] Mitsuda, H., K. Nakajima, and Y. Yamada (1978) Isola-
tion of 4-(1-D-ribitylamino)-5-amino-2,6-dihydroxypy-
rimidine from a riboflavin-adenine-deficient mutant of
Bacillus subtilis. J. Biol. Chem. 253: 2238-2243.

[90] Bacher, A. and F. Lingens (1970) Formation of 2,5-
diamino-6-hydroxy-4-(1'-D-ribitylamino) pyrimidine in a
riboflavin auxotroph. J. Biol. Chem. 245: 4647-4652.

[91] Hollander, 1. and G. M. Brown (1979) Biosynthesis of
riboflavin: reductase and deaminase of Ashbya gossypii.
Biochem Biophys. Res. Commun. 89: 759-763.

[92] Burrows, R. B. and G. M. Brown (1978) Presence in Es-
cherichia coli of a deaminase and a reductase involved in
biosynthesis of riboflavin. J. Bacteriol. 136: 657-667.

[93] Bresler, S. E., E. A. Glazunov, D. A. Perumov, and T. P.
Chernik (1977) Riboflavin biosynthesis operon of Bacillus
subtilis. XIII. Genetic and biochemical study of mutants
with regard to intermediate stages of biosynthesis. Ge-
netika 13: 2006-2016.

[94] Goodwin, T. W. and D. H. Treble (1958) The incorpora-
tion of (2-'*C) acetylmethylcarbinol (acetone) into ring A
of riboflavin by Eremothecium ashbyii; a new route for the
biosynthesis of an aromatic ring. Biochem. J. 70: 14-
15.

[95] Katagiri, H., I. Takeda, and K. Imai (1959) Synthesis of
riboflavin by microorganisms. VII. The enzymic ribofla-



Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 2

vin synthesis from 4-(N-ribitylamino)-5-aminouracil. J.
Vitaminol. 5: 287-297.

[96] Goodwin T. W. and A. A. Horton (1961) Biosynthesis of
riboflavin in cell-free systems. Nature. 191: 772-774.

[97] Jabasani, M. T. and U. A. S. Al-Khalidi (1975) Asym-
metric labeling of the xylene ring in riboflavin. Int. J. Bio-
chem. 6: 735-739.

[98] Mitsuda, H., K. Nakajima, and Y. Ikeda (1978) Effects of
various metabolites (sugars, carboxylic acids and alco-
hols) on riboflavin formation in non-growing cells of
Ashbya gossypii. J. Nutr. Sci. Vitaminol. 24: 91-103.

[99] Schlee, K. and H. Reinbothe (1970) Purinstoffwechsel
und Riboflavin Bildung in Mikroorganismenn. VI. Der
Einflup von L-Valin auf die Flavinogenes von Candida
guilliermondii. Z. Allg. Mikrobiol. 10: 77-80.

[100] Plaut, G. W. E. (1971) Metabolism of water-soluble vi-
tamins. The biosynthesis of riboflavin. pp. 11-45. In: M.
Florkin, and E. H. Stotz (eds.). Comprehensive Biochemis-
try, Vol. 21.

[101] Ali, S. N. and U. A. S. Al-Khalidi (1966) The precursors
of the xylene ring in riboflavin. Biochem. J. 98: 182-188.

[102] Alworth, W. C., H. N. Bacher, M. F. Winkler, A. M.
Keenan, G. W. Gokel, and F. L. Wood (1970) Biosynthe-
sis of the 4,5-dimehtyl-1,2-phenylene moiety of vitamin
B,,. Biochem. Biophys. Res. Commun. 40: 1026-1031.

[103] Keller, P. J., Q. Le Van, A. Bacher, and H. G. Floss (1983)
Biosynthesis of riboflavin. *C-NMR techniques for the
analysis of multiply '*C-labeled riboflavins. Tetrahedron
39:3471-3481.

[104] Floss, H. G., Q. Le Van, P. J. Keller, and A. Bacher (1983)
Biosynthesis of riboflavin. An unusual rearrangement in
the formation of 6,7-dimethyl-8-ribityllumazine. J. Am.
Chem. Soc. 105: 2493-2494.

[105] Nielsen, P., G. Neuberger, H. G. Floss, and A. Bacher
(1984) Biosynthesis of riboflavin. Enzymatic formation
of the xylene moiety from [“C]ribulose 5-phosphate.
Biochem. Biophys. Res. Commun. 118. 814-822.

[106] Le Van, Q., P. J. Keller, D. H. Bown, H. G. Floss, and A.
Bacher (1985) Biosynthesis of riboflavin in Bacillus subti-
lis: origin of the four-carbon moiety. J. Bacteriol. 162.
1280-1284.

[107] Volk, R. and A. Bacher (1990) Studies on the 4-carbon
precursor in the biosynthesis of ribofavin. J. Biol. Chem.
265: 19479-19485.

[108] Katagiri, H., I. Takeda, and K. Imai (1958) Synthesis of
riboflavin by microorganisms. J. Vitaminol. 4: 278-284.

[109] Plaut, G. W. E. (1960) Studies on the stoichiometry of
the enzymic conversion of 6,7-dimethyl-8-ribityllu-
mazine to riboflavin. J. Biol. Chem. 235: PC 41.

[110] Beach, R. L. and G. W. E. Plaut (1970) Stereospecificity
of the enzymatic synthesis of the o-xylene ring of ribo-
flavin. J. Am. Chem. Soc. 92: 2913-2916.

[111] Bacher, A., Q. Le Van, P. ]. Keller, and H. G. Floss (1983)
Biosynthesis of riboflavin. Incorporation of '*C-labelled
precursors into the xylene ring. J. Biol. Chem. 258: 13431-
13437.

[112] Sedlmaier, H., E. Miller, P. J. Keller, and A. Bacher (1987)
Enzymatic synthesis of riboflavin and FMN specifically
labeled with **C in the xylene ring. Z. Naturforsch. 42c:
425-429.

87

[113] Wacker, H., R. A. Harvey, C. H. Winestock, and G. W. E.
Plaut (1964) 4-(1'-D-ribitylamino)-5-amino-2,6-dihydro-
xypyrimidine, the second product of the riboflavin syn-
thetase reaction. J. Biol. Chem. 239: 3493-3497.

[114] Mitsuda, H., T. Nadamoto, and K. Nakajima (1976)
Reutilization of by-product for riboflavin formation in
the riboflavin synthetase reaction. J. Nutr. Sci. Vitaminol.
22: 67-70.

[115] Mironov, V. N., A. E. Kraev, B. K. Chernov, A. V.
Ul'yanov, Y. B. Golva, G. E. Pozmogova, M. L. Simonova,
V. K. Gordeev, A. L. Stepanov, and K. G. Skryabin (1989)
Riboflavin biosynthesis gene of Bacillus subtilis — com-
plete primary structure and model of organization. Dok/.
Akad. Nauk. SSSR. 305: 482-487.

[116] Boretskii, Iu. R., Iu. S. Skoblov, O. M. Khodova, and P.
M. Rabinivich (1992) Purification and properties of
GTP-cyclohydrolase from Bacillus subtilis. Biokhimia 57:
1021-1030.

[117] Richter, G., H. Ritz, G. Katzenmeier, R. Volk, A. Kohnle,
F. Lottspeich, D. Allendorf, and A. Bacher (1993) Bio-
synthesis of riboflavin: cloning, sequencing, mapping
and expression of the gene encoding for GTP cyclohy-
drolase I1 in Escherichia coli. J. Bacteriol. 175: 4045-4051.

[118] Richter, G., R. Volk, C. Kriegger, H. W. Lahm, U.
Rothlisberger, and A. Bacher (1992) Biosynthesis of ribo-
flavin: cloning, sequencing, and expression of the gene
encoding 3,4-dihydroxy-2-butanone 4-phosphate syn-
thase of Escherichia coli. ]. Bacteriol. 174: 4050-4056.

[119] Revuelta, J. L., M. A. Santos, and J. J. Garcia-ramirez
(1990) Biosynthesis of vitamin B, in yeast, pp. 117-122.
In: Committee of Biotec-90 (eds.). From Genes to BioPro-
ducts. DM PPU, Murcia, Spain.

[120] Buitrago, M. -]., G. A. Gonzalez, J. E. Saiz, and J. L. Re-
vuelta (1993) Mapping of the RIB1 and RIB7 genes in-
volved in the biosynthesis of riboflavin in Saccharomyces
cerevisiae. Yeast 9: 1099-1102.

[121] Zakal’skii, A. E., M. L. Zlochevskii, 1. Stasiv, E. M.
Logvinenko, M. Beburov, and G. M. Shavlovskii (1990)
Cloning of the gene coding for the enzyme of the first
stage of flavinogenesis in the yeast Pichia guilliermondii,
GTP cyclohydrolase, in Escherichia coli cells. Genetika 26:
614-620.

[122] Liauta-Teglivets, O., M. Hasslacher, Iu. R. Boretskii, S.
D. Kohlwein, and G. M. Shavlovskii (1995) Molecular
cloning of the GTP-cyclohydrolase structural gene RIB1
of Pichia guilliermondii involved in riboflavin biosynthesis.
Yeast 11: 945-952.

[123] Bacher, A. and F. Lingens (1971) Formation of 6-
hydroxy-2,4,5-triaminopyrimidine in RIB7 mutants of
Saccharomyces cerevisiae. J. Biol. Chem. 246: 7018-7022.

[124] Bacher, A. (1991) Biosynthesis of flavins, pp. 215-259.
In: F. Muller (eds.). Chemistry and biochemistry of fla-
vins. vol.1. Chemical Rubber Co.,, Boca Raton, Fla,
USA.

[125] Bandrin, S. V., P. M. Rabinovich, and A. I. Stepanov
(1983) Three linkage groups of genes involved in ribofla-
vin biosynthesis in Escherichia coil. Sov. Genet. 19: 1103-
1109.

[126] Perkins, J. B. and J. G. Pero (1993) Biosynthesis of ribo-
flavin, biotin, folic acid, and cobalamin, pp. 319-334. In:



88

A. Sonenshein (eds.). Bacillus subtilis and Other Gram-
positive Bacteria: Biochemistry, Physiology, and Mo-lecular
Genetics. American Society for Micrbiology, Washington,
DC, USA.

[127] Fischer, M., S. Eberhardt, G. Richter, C. Krieger, I. Ger-
stenschlager, and A. Bacher (1996) Biosynthesis of ribo-
flavin. Bifunctional pyrimidine deaminase/reductase of
Escherichia coli and Bacillus subtilis. Biochem. Soc. Trans.
24: 358.

[128] Tetsuya, T., C. Ueguchi, K. Shiba, and K. Ito (1992)
Insertional disruption of the nusB (ssyB) gene leads to
cold-sensitive growth of Escherichia coli and suppression
of the secY24 mutation. Mol. Gen. Genet. 234: 429-432.

[129] Garcia-Ramirez, J. J., M. A. Santos, and J. L. Revuelta
(1995) The Saccharomyces cerevisiae RIB4 gene codes for
6,7-dimethyl-8-ribityllumazine synthase involved in
riboflavin biosynthesis. J. Biol. Chem. 270: 23801-23807.

[130] Bacher, A., R. Baur, U. Eggers, H. -D. Harders, M. K.
Otto, and H. Schnepple (1980) Riboflavin synthases of
Bacillus subtilis. Purification and properties. J. Biol. Chem.
255: 632-637.

[131] Bacher, A., H. C. Ludwig, H. Schnepple, and Y. Ben-
Shaul (1986) Heavy riboflavin synthase from Bacillus
subtilis. Quaternary structure and reaggregation. J. Mol.
Biol. 187: 75-86.

[132] Ladenstein, R., B. Meyer, R. Huber, H. Labischinski, K.
Bartels, H. -D. Bartunik, L. Bachmann, H. C. Ludwig,
and A. Bacher (1986) Heavy riboflavin synthase from
Bacillus subtilis. Particle dimensions, crystal packing and
molecular symmetry. J. Mol. Biol. 187: 87-100.

[133] Mirtl, S., M. Fischer, G. Richter, J. Tack, S. Weinkauf,
and A. Bacher (1996) Biosynthesis of riboflavin. Lu-
mazine synthase of Escherichia coli. J. Biol. Chem. 271:
33201-33207.

[134] Schott, K., ]J. Kellermann, F. Lottspeich, and A. Bacher
(1990) Riboflavin synthases of Bacillus subtilis. Purifica-
tion and amino acid sequence of the a subunit. J. Biol.
Chem. 265: 4204-4209.

[135] Harvey, R. A. and G. W. E. Plaut (1966) Riboflavin syn-
thetase from yeast. Properties of complexes of the en-

Biotechnol. Bioprocess Eng. 2001, Vol. 6, No. 2

zyme with lumazine derivatives and riboflavin. /. Biol.
Chem. 241: 2120-2136.

[136] Otto, M. K. and A. Bacher (1981) Ligand-binding studies
on light riboflavin synthase from Bacillus subtilis. Eur. ].
Biochem. 115: 511-517.

[137] Tibbelin, G., S. Eberhardt, G. Richter, and A. Bacher
(1996) Structure investigation on recombinant ribofla-
vin synthase from E. coli. Biochem. Soc. Trans. 24: 34S.

[138] Santos, M. A., J. ]. Garcia-Ramirez, and J. L. Revuelta
(1995) Riboflavin biosynthesis in Saccharomyces cerevisiae.
Cloning, characterization, and expression of the RIB5
gene encoding riboflavin synthase. J. Biol. Chem. 270:
437-444.

[139] Volk, R. and A. Bacher (1991) Biosynthesis of riboflavin.
Studies on the mechanism of L-3,4-dihydroxy-2-butanone
4-phosphate synthase. J. Biol. Chem. 266: 20610-20618.

[140] Richter, G., C. Krieger, R. Volk, K. Kis, H. Ritz, E. Gotze,
and A. Bacher (1997) Biosynthesis of riboflavin: 3,4-
dihydroxy-2-butanone 4-phosphate synthase. Methods
Enzymol. 280: 374-382.

[141] Mehta, S. U.; A. K. Matoo, and V. V. Modi (1972) Ribi-
tol and flavinogenesis in Eremothecium ashbyii. Biochem. J.
130: 159-166.

[142] Moschau, N., K.-P. Stahmann, H. Sahm, J. B. McNeil,
and A. L. Bognar (1997) Identification of Saccharomyces
cerevisiae GLY1 as a threonine aldolase: a key enzyme in
glycine biosynthesis. FENVS Microbiol. Lett. 150: 55-60.

[143] Monschau, N., H. Sahm, and K.-P. Stahmann (1998)
Threonine aldolase overexpression plus threonine sup-
plementation enhanced riboflavin production in Ashbya
gossypii. Appl. Environ. Microbiol. 64: 4283-4290.

[144] Maeting, 1., G. Schmidt, H. Sahm, J. L. Revuelta, Y.-D.
Stierhof, and K.-P. Stahmann (1999) Isocitrate lyase of
Ashbya gossypii — transcriptional regulation and perox-
isomal location. FEBS Lett. 444: 15-21.

[145] Taylor, K. M., C. P. Kaplan, X. Gao, and A. Baker (1996)
Localization and targeting of isocitrate Iyases in
Saccharomyces cerevisiae. Biochem. J. 319. 255-262.

[146] Chaves, R. S., P. Herrero, 1. Ordiz, M. A. del Brio, and F.
Moreno (1997) Isocitrate lyase localisation in Saccharo-
myces cerevisiae cells. Gene 198: 165-169.

[Received February 28, 2001; accepted April 24, 2001]



